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Abstract

Carcinogenicity tests predict the tumorigenic potential of various substances in the human
body by studying tumor induction in experimental animals. There is a need for studies that
explore the use of FVB/N-Trp53°™2H"/Korl (FVB-Trp53*") mice, created by TALEN-medi-
ated gene targeting in Korea, in carcinogenicity tests. This study was performed to deter-
mine whether FVB-Trp53*" mice are a suitable model for short-term carcinogenicity
studies. To compare the carcinogenicity at different concentrations, 25, 50, and 75 mg/kg of
N-methyl-N-nitrosourea (MNU), a known carcinogen, were administered intraperitoneally to
FVB-Trp53*" and wild-type male mice. After 26 weeks, the survival rate was significantly
reduced in FVB-Trp53* mice compared to the wild-type mice in the 50 and 75 mg/kg
groups. The incidence of thymic malignant lymphoma (TML) in the 50 and 75 mg/kg groups
was 54.2 and 59.1% in FVB-Trp53*" male mice, respectively. TML metastasized to the
lungs, spleen, lymph nodes, liver, kidney, and heart in FVB-Trp53*" male mice. Further-
more, the incidence of primary lung tumors, such as adenomas and adenocarcinomas, was
65.4, 62.5, and 45.4% in the FVB-Trp53* mice of the 25, 50, and 75 mg/kg groups, respec-
tively. The main tumor types in FVB-Trp53*"~ mice were TML and primary lung tumors,
regardless of the dose of MNU administered. These results suggest that systemic tumors
may result from malfunctions in the p53 gene and pathway, which is an important factor in
the pathogenesis of human cancers. Therefore, FVB-Trp53 heterozygous mice are suitable
for short-term carcinogenicity tests using positive carcinogens, and that the best result using
MNU, a positive carcinogen, might have a single dose of 50 mg/kg.

Introduction

Carcinogenicity tests use experimental animals to predict the risk of tumorigenesis from expo-
sure to various substances [1]. These tests can be performed for drugs suspected of having
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carcinogenic effects or for drugs that repeatedly caused lesions in dose toxicity tests [2]. Carci-
nogenicity tests are classified into long- and short-term tests. Compared to long-term carcino-
genicity tests, short-term carcinogenicity tests use fewer laboratory animals, last a shorter
period of time, and cost lesser [3].

P53 is a tumor suppressor gene related to oncogenic signaling pathways [4, 5]. p53 hetero-
zygous mice mainly develop soft-tissue sarcoma, osteosarcoma, and lymphoma, which show a
very similar carcinogenesis pattern to patients with Li-Fraumeni syndrome, caused by p53
germline mutation [6]. p53 heterozygous mice have been used as models for lung, brain, and
bone tumors, lymphoma, and leukemia [7].

Mutations in p53 gene have been observed in 50% of cancer patients [8, 9]. The p53 gene
can stop the cell cycle and division and regulate DNA recovery and immune response [10].
The deactivation of this gene is frequently observed in patients with lung cancer. Upregulation
or activation of p53 can inhibit the progression of lung tumors [11]. p21, which is downstream
to p53, is responsible for inhibiting the G1 phase, while other p53 target genes are responsible
for inhibiting the G2 cell cycle [12].

The most commonly used positive carcinogens in the p53 heterozygous model are p-cre-
sidine [13] and N-methyl-N-nitrosourea (MNU) [14]. MNU can induce the development of
various tumors in multiple organs depending on the animal species, strain, age, dosage, and
route of administration [15], including many types of mammary tumors and thymic lym-
phomas [16].

C57BL/6 background Trp53*" mice are widely used in carcinogenicity tests. When 75 mg/
kg MNU is administered intraperitoneally to B6-Trp53 heterozygous mice, malignant lym-
phoma occur in two main target organs; 100% in the thymus and spleen [17]. The main organs
where lymphomas metastasize are the thymus, spleen, bone marrow, and lymph nodes [17,
18]. The incidence of lung adenoma in B6-Trp53 heterozygous mice was significantly higher
than that in wild-type mice. Tumors appearing in the thymus were diagnosed as malignant
lymphoma, which occurred with a higher probability in p53 heterozygous mice than wild-type
mice. In addition, rhabdomyosarcoma, leilomyosarcoma, malignant schwannoma, and sar-
coma have been reported in p53 heterozygous mice [19]. Recently, the FVB/N-Trp53°™2"/
Korl (FVB-Trp53) mouse was created using TALEN-mediated gene targeting in Korea [20].
This study was conducted to determine whether the newly developed mouse model in Korea is
suitable for a short-term carcinogen test using MNU, a positive carcinogen, in FVB-Trp53
mice.

Materials and methods
Chemical and dose formulation

N-methyl-N-nitrosourea (MNU, CAS No. 684-93-5, Spectrum, USA) was dissolved in citrate-
buffered saline prepared at pH 4.5 immediately before use. MNU was prepared at doses of 25,
50, and 75 mg/kg per body weight and administered via intraperitoneal (IP) injection.

Animals and treatments

In this study, 6-week-old male FVB-Trp53* and wild-type mice were used. Both mice were
obtained from Yonsei University, Seoul, Republic of Korea [20]. FVB-Trp53* and wild-type
mice were housed in a laboratory animal facility at the College of Veterinary Medicine, Kon-
kuk University. After acclimatization in the animal room for 7 days, FVB-Trp53*'~ and wild-
type mice were randomly divided into four groups according to body weight: 0, 25, 50, and 75
mg/kg. The facility was maintained under conditions free of specific pathogens using a barrier
system. The strains were bred in individually ventilated cages with sterile feed, water, and

PLOS ONE | https://doi.org/10.1371/journal.pone.0280214  January 6, 2023 2/15


https://doi.org/10.1371/journal.pone.0280214

PLOS ONE

Short-term carcinogenicity of MNU in p53 mice

bedding. The facility was maintained in an air-conditioned system at 22 + 2°C, at a relative
humidity of 50 + 10%, and a 12 h light /12 h dark cycle. To diminish distress, pulp house and
wood chew block were provided for mice. The mice were weighed once a week to check for
weight changes by trained researchers. The activity, appearance, and survival of the mice were
observed once daily. Humane euthanasia performed on the day reaching 25% of activity score.
Mice found dead were necropsied immediately. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Konkuk University, Korea (KU20081).

Hematology and serum chemistry

At 26 weeks, the mice were fasted overnight and anesthetized with isoflurane, and blood sam-
ples were collected from the caudal vena cava. General hematological tests included white
blood cell (WBC) count, red blood cell (RBC) count, hemoglobin, hematocrit, mean corpuscu-
lar volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), cellular hemoglobin concentration mean (CHCM), red cell distribu-
tion width (RDW), hemoglobin distribution width (HDW), cellular hemoglobin content
(CH), and cell hemoglobin distribution width (CHDW). Platelets, mean platelet volume
(MPV), platelet distribution width (PDW), platelet count, differential leukocyte count (abso-
lute and relative), large unstained cells (LUC, absolute and relative), and reticulocytes (absolute
and relative) were tested using an Animal Blood counter (ADVIA 2120i, Siemens Healthcare
Diagnostics Ltd., Ireland).

For serum collection, the collected blood was left at room temperature for 30 min to coagu-
late, and then centrifuged for 15 min at 3,000 rpm. Alanine aminotransferase (ALT), alkaline
phosphatase (ALP), aspartate aminotransferase (AST), y-glutamyl transferase (yGT), triglycer-
ide, albumin, glucose, albumin/globulin (A/G) ratio, total protein, total cholesterol (TC), total
bilirubin, blood urea nitrogen (BUN), creatinine, BUN/creatinine (B/C) ratio, calcium, chlo-
rine, inorganic phosphorus (IP), potassium, and sodium levels were measured using an auto-
matic chemistry analyzer (Hitachi7070, HITACHI, Japan).

Histopathological analysis

Except for unscheduled death, mice were sacrificed 26 weeks after MNU administration. The
lungs, spleen, and liver were separated and weighed, and relative organ weights (organ weight
to body weight ratio) were calculated. All organs collected for histopathological evaluation
were fixed by embedding in 10% neutral-buffered formalin and processed to prepare paraffin
blocks. The prepared paraffin blocks were cut into 4 pm sections and attached to slides. After
deparaffinization, the slides were stained with hematoxylin and eosin. The prepared slides
were observed under a BX51 microscope (Olympus, Japan) and analyzed using the DP71
(Olympus) program.

Immunohistochemistry

Paraffin blocks were sliced to a thickness of 4 um and attached to a silane-coated slide (Muto
Pure Chemicals Co., Ltd., Japan). Each procedure was performed according to the ABC kit
protocol (Vector Laboratories, USA). After deparaffinization and rehydration, slides were
boiled in 0.1 M sodium citrate buffer (pH 6.0) in a microwave oven for antigen retrieval. After
cooling the slides to room temperature, 3% H,O, in methanol was used to block the endoge-
nous peroxidase activity. To suppress non-specific reactions, blocking serum (Vector Labora-
tories) was applied to the tissue. PCNA antibody (Abcam, ab92552, diluted 1:200),
prosurfactant protein C (SPC, Abcam, ab90716, diluted 1:1000), and ubiquitin antibody
(CC10, Abcam, ab213203, diluted 1:4000) were used as the primary antibodies. Biotinylated
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antibody (Vector Laboratories, USA) was used as a secondary antibody. It was then detected
using the DAB Peroxidase Substrate Kit (Vector Laboratories, USA). All the slides were coun-
terstained with hematoxylin (Gill III hematoxylin, Thermo, USA).

Statistical analysis

For statistical analysis, GraphPad Prism 7.04 (GraphPad Software, USA) was used to perform
two tailed #-test, long-rank test, and chi-square test. *P < 0.05, **P < 0.01, ***P < 0.001 were
considered statistically significant.

Results
Body weight changes

The weights of mice in each group were measured once per week. The body weight of FVB-
p53+/' and wild-type mice gradually increased over time in the 0 (untreated control), 25, 50,
and 75 mg/kg groups. There was no significant difference in body weight between heterozy-
gous and wild-type mice in the same MNU administration group (Fig 1A, 1C, 1E and 1G).

Mouse survival rate

At the end of the study at 26 weeks, the survival rate in the 25 mg/kg group was 84.6% (22 of
26 mice) in FVB-Trp53+/' mice and 100% (19 of 19 mice) in wild-type mice (Fig 1D). The sur-
vival rate in the 50 mg/kg group was 62.5% (15 of 24 mice) in FVB-Trp53*'" mice and 96.2%
(25 of 26 mice) in wild-type mice (Fig 1F). The survival rate in the 75 mg/kg group was 31.8%
(7 of 22 mice) in FVB—Trp53+/’ mice and 90% (18 of 20 mice) in wild-type mice (Fig 1H). The
survival rates of 50 and 75 mg/kg groups in FVB-p53*/~ mice was significantly lower than
those of wild-type mice (Fig 1F and 1H).

Hematology and serum chemistry

Thirty hematology tests and 19 serum chemistry tests were performed. Hematological analysis
revealed that the percentage of neutrophils in the 25 mg/kg group was significantly higher in
FVB-Trp53*'" than in wild-type mice. In the 50 mg/kg group, the number of RBCs and neutro-
phils and the percentage of neutrophils were significantly higher in FVB-Trp53*' than in
wild-type mice; however, MCH and the percentage of lymphocytes were significantly lower in
FVB-Trp53*'" than in wild-type mice. In the 75 mg/kg group, MCV, MPV, and PDW were sig-
nificantly lower in FVB-Trp53""" than in wild-type mice (S1 Table). Some hematology tests
exhibited a significant difference between the groups; however, all results were within the ref-
erence range.

The results of the serum chemistry tests in the 25 mg/kg group show that IP significantly
increased and triglyceride significantly decreased in FVB-Trp53* mice compared to wild-
type mice. In the 75 mg/kg group, glucose and IP were significantly higher in FVB-Trp53*""
mice than in wild-type mice; however, calcium levels were significantly lower in FVB-Trp53*"
mice than in wild-type mice (52 Table). Similar to the hematological analysis, some serum
chemistry tests exhibited a significant difference between groups; however, all results were
within the reference range.

Organ to body weight ratio

Organ weights were measured in all surviving mice until 26 weeks after MNU administration.
In the 25 and 75 mg/kg groups, no significant difference was observed between the lung, liver,
and spleen weights (%) of FVB-Trp53*~ and wild-type mice. In the 50 mg/kg group, the
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Fig 1. Body weight change and survival rate after MNU administration in different dosages. Body weight change of
the 0 (untreated control; A), 25mg/kg (C), 50mg/kg (E), and 75mg/kg (G) group; survival rate of the 0 (B), 25mg/kg
(D), 50mg/kg (F), and 75mg/kg (H) group. Data are represented as mean + SD. **P < 0.01 and ***P < 0.001 versus
wild-type mice, as assessed using Long-rank test.

https://doi.org/10.1371/journal.pone.0280214.9001

relative lung and spleen weights of FVB-Trp53™" mice were significantly higher than those of
wild-type mice (Fig 2).
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Fig 2. Relative organ weights after MNU administration in different dosages. (A) shows lung to body weight ratio, (B) shows liver to body weight ratio,
and (C) shows spleen to body weight ratio in the mice survived until the end of the experiment. Data are represented as mean + SD. *P < 0.05 and
**P < 0.01 versus wild type mice, as assessed using two-tailed ¢-test.

https://doi.org/10.1371/journal.pone.0280214.g002

Gross lesion

During the experiment, all moribund mice were sacrificed, and all surviving mice were nec-
ropsied 26 weeks after MNU administration. In FVB-Trp53*~ mice, lung nodules were found
in 76.9% of the 25 mg/kg group, 91.7% of the 50 mg/kg group, and 90.9% of the 75 mg/kg
group (Fig 3A-3C). However, in wild type mice, lung nodules were found in 52.6%, 76.9% and
90% of the 25, 50, and 75 mg/kg groups, respectively.

In the 25 mg/kg group, enlarged thymus (Fig 3D) and splenomegaly (Fig 3G) were found in
11.5% and 7.7% of FVB-Trp53*" mice, respectively, while none were found in wild-type mice.
In the 50 mg/kg group, enlarged thymus (Fig 3E) and splenomegaly (Fig 3H) were found in
54.2% and 29.2% of FVB-Trp53*" mice, respectively, while none were found in wild-type
mice. In the 75 mg/kg group, enlarged thymus (Fig 3F) and splenomegaly (Fig 3I) were found
in 59.1% and 27.3% of FVB-Trp53*" mice, respectively, and in only one wild-type mouse.
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Fig 3. Representative images of gross lesions after MNU administration in different dosages. Macroscopic appearance of large mass (white arrows) in the
lungs (A, B, C), and thymus (D, E, F) shown in FVB—p53*" mice of the 25mg/kg (A, D), 50mg/kg (B, E), and 75mg/kg (C, F) group. Splenomegaly (G, H, I) and a
large subcutaneous mass (J, K) shown in the FVB-p53*/ mice of the 25mg/kg (G, J), 50mg/kg (H), and 75mg/kg (I, K) group.

https://doi.org/10.1371/journal.pone.0280214.9003

Subcutaneous masses were observed in one FVB-Trp53*~ mouse of the 25 mg/kg group (Fig
3]) and in three FVB-Trp53™" of the 75 mg/kg group (Fig 3K).

Histopathology

Based on tumor cell morphology observed during histopathological analysis of the lung nod-
ules, primary lung tumors were divided into adenoma and adenocarcinoma (Fig 4A, 4C and
4E). In addition, histopathological analysis of enlarged thymus tissues revealed thymic malig-
nant lymphoma (TML) as the primary tumor (Fig 4B, 4D and 4F). Metastatic TMLs were
found in multiple organs, such as the lungs, liver, enlarged spleens, kidneys, lymph nodes, and
heart (Table 1). TML metastasis in the lungs was mainly observed in the peribronchiolar or
perivascular regions. Interestingly, two types of malignant tumors, primary lung adenocarci-
noma and TML lung metastasis, were observed in the lungs of several mice, respectively
(Table 1). The subcutaneous masses were identified as malignant fibrosarcomas.

The overall tumor incidence (Table 1) in FVB—Trp53+/ " mice was 80.8% and 100% in the 25
and 50 mg/kg groups, respectively, which was significantly higher than the 52.6% and 76.9% in
wild-type mice (Fig 5A). Lung tumor incidence involving adenoma, adenocarcinoma, and
TML lung metastasis in FVB-Trp53*/~ mice were 76.9%, 91.7%, and 90.9% in the 25, 50, and
75 mg/kg groups, respectively, which were higher than that of wild-type mice, but the differ-
ence was not significant (Fig 5B). The incidence rates of malignant tumors in the lungs of
FVB-Trp53™" mice were 42.3%, 62.5%, and 63.7% in the 25, 50, and 75 mg/kg groups, respec-
tively, which were significantly higher than the 10.5%, 11.5%, and 25.0% in wild-type mice
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Fig 4. Representative images of histopathological lesions of adenocarcinoma and thymic malignant lymphoma (TML)
in the lungs. (A), (C), and (E) show adenocarcinoma in the lungs of the FVB-p53+/ " mice of the 25, 50, and 75mg/kg group,
respectively. (B), (D), and (F) show TML metastasis (black star) in the peribronchiolar or perivascular region of the FVB-
p53*/ mice of the 25, 50, and 75mg/kg group, respectively. Scale bar represents 100 ym.

https://doi.org/10.1371/journal.pone.0280214.9004

(Fig 5C). The incidence rates of TML in the thymus of FVB-Trp53*~ mice were 54.2% and
59.1% in the 50 mg/kg and 75 mg/kg groups, respectively, which were significantly higher than
the 0% and 5% in wild-type mice (Fig 5D). Metastasis of TML was observed in 29.2% and
45.5% of FVB-Trp53*" mice in the 50 and 75 mg/kg groups, respectively, which was signifi-
cantly higher than that in wild-type mice (0% and 5%, respectively) (Fig 5E).

Immunohistochemistry

Immunohistochemical staining was performed to confirm the characteristics of the lung
tumors. Proliferating cell nuclear antigen (PCNA), prosurfactant protein C (SPC), and CC10
(club cell 10-kDa protein) were used. PCNA is a cell proliferation marker that is stained in
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Table 1. The number of tumors observed in each organ after MNU administration in different dosages.

Total number of mice

Total tumor

TML

Adenoma in lung
ACinlung

TML lung metastasis

AC in lung + TML lung metastasis
Total lung tumor

TML spleen metastasis
TML liver metastasis

TML lymph node metastasis
TML kidney Metastasis
TML heart metastasis

Subcutaneous fibrosarcoma

*P < 0.05;
**P <0.01;

25 mg/kg 50 mg/kg 75 mg/kg
p53*/* p53*"- p53** p53*"- p53*/* p53*"-
19 26 26 24 20 22
10(52.6%) 21(80.8%)* 20(76.9%) 24(100%)* 18(90%) 21(95.5%)
0(0%) 3(11.5%) 0(0%) 13(54.2%)"** 1(5%) 13(59.1%)**
8(42.1%) 9(34.6%) 17(65.4%) 7(29.2%)" 13(65%) 6(27.2%)"
2(10.5) 8(30.8%) 3(11.5%) 8(33.3%) 4(20%) 4(18.2%)
0(0%) 3(11.5%) 0(0%) 7(29.2%)** 1(5%) 10(45.5%)**
2(10.5%) 11(42.3%) 3(11.5%) 15(62.5%)"** 5(25%) 14(63.7%)"
10(52.6%) 20(76.9%) 20(76.9%) 22(91.7%) 18(90%) 20(90.9%)
0(0%) 2(7.7%) 0(0%) 7(29.2%)** 1(5%) 6(27.2%)
0(0%) 2(7.7%) 0(0%) 4(16.7%)* 1(5%) 7(31.8%)*
0(0%) 2(7.7%) 0(0%) 1(4.2%) 1(5%) 7(31.8%)*
0(0%) 2(7.7%) 0(0%) 6(25%)"* 1(5%) 6(27.2%)*
0(0%) 0(0%) 0(0%) 2(8.3%) 0(0%) 0(0%)
0(0%) 1(3.8%) 0(0%) 0(0%) 0(0%) 3(13.6%)

***P < 0.001, Significant difference between the FVB-Trp53*~ and Wild-type mice in the same MNU administration group, as assessed using chi-square test. AC,

adenocarcinoma in lung; TML, thymic malignant lymphoma.

https://doi.org/10.1371/journal.pone.0280214.t001

adenomas and adenocarcinomas of the lungs, TML, and TML lung metastases. In particular,
malignant tumors, such as adenocarcinoma, TML, and TML lung metastases, were more
strongly stained with PCNA (Fig 6B, 6E and 6F). In lung adenoma, PCNA was only expressed
in some cells (Fig 6A). SPC, known as an alveolar type 2 cell marker, was observed in adeno-
mas and adenocarcinomas in the lungs (Fig 6C and 6D). SPC staining was more strongly
observed in adenocarcinomas than adenomas. However, SPC was not expressed in TML and
TLM lung metastases. CC10, a Clara cell marker, was not expressed in adenoma and adenocar-
cinoma (Fig 6G) in the lungs and TML, but CC10 expression was observed in the bronchial
epithelium at the center of TML lung metastasis (Fig 6H).

Discussion

Transgenic mice used for short-term carcinogenicity tests are recognized for their value in
drug validation and efficacy prediction through drug modeling of target genes [21, 22]. Using
a mouse model for human disease, the safety and efficacy of the drug in vivo can be evaluated
and predicted [2]. In particular, in the case of cancer, which has the highest mortality rate, the
development of anticancer drugs is actively underway. Therefore, a safety evaluation using ani-
mal models is required. Tg-rasH2 [23] and B6-Trp53™" mice [24] are widely used in short-
term carcinogenicity studies. Carcinogenesis involves mutations that occur in some genes of
normal cells, thereby changing the properties of proteins that are the products of these genes.
This leads to abnormal regulation of cell growth, which progresses to cancer [25]. p53 is a
tumor suppressor gene that acts as a molecular link between the cause of cancer and the devel-
opment of cancer [26]. This experiment was performed to determine whether FVB-Trp53*""
mice, a model developed by TALAN-mediated gene targeting in Korea, is a suitable model for
short-term carcinogenicity tests.
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Fig 5. Tumor incidence rate (%) after MNU administration in different dosages. Tumor incidence in each group (A); the
incidence of lung tumor (B); the incidence of adenocarcinoma and TML metastasis in the lungs (C); the incidence of thymic
malignant lymphoma (TML) in the lungs; and the incidence of TML metastasis (E). *P < 0.05, **P < 0.01, ***P < 0.001 versus
wild-type mice, as assessed using chi-square test.

https://doi.org/10.1371/journal.pone.0280214.g005

In a previous short-term carcinogenicity study, a single intraperitoneal injection of 75 mg/
kg MNU as a positive carcinogen was used in B6-Trp53 heterozygous mice [27]. However,
there is no data on short-term carcinogenicity tests using FVB-Trp53 mice. Therefore, in this
study, to select the dose of MNU as a positive control in FVB-Trp53"" mice, 26-week short-
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Fig 6. Representative images of immunohistochemical staining. A few PCNA-positive cells are shown in adenoma
of the lung (A) Many PCNA-positive cells were found in lung adenocarcinoma (B), thymic malignant lymphoma (E),
and thymic malignant lymphoma (TML) metastasis in the lungs (F). A few SPC-positive cells indicate an adenoma of
the lungs (C), but many SPC-positive cells indicate adenocarcinoma of the lung (D). No CC10-positive cells were
observed in the adenoma of the lungs (G), but CC10-positive cells were present in the bronchial epithelium at the
center of the TML lung metastasis. Scale bar represents 100 ym.

https://doi.org/10.1371/journal.pone.0280214.9006

term carcinogenicity was assessed after a single intraperitoneal injection of 25, 50, or 75 mg/
kg. In previous studies of B6-Trp53*/~ male mice injected with 75 mg/kg MNU, only 6.7 [27]
and 0% [17] of mice survived before the conclusion of the experiment. In the present study,
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31.8% (7 of 22) of the FVB-Trp53*"~ male mice administered 75 mg/kg MNU survived until
the end of the experiment.

When B6-Trp53*" male mice were injected with 75 mg/kg MNU, incidence of 26.7% thy-
mic mass/nodules and 50% enlarged thymus in 50% was reported, and 80% of male mice had
malignant lymphoma associated with abnormalities of the thymus [27]. A lower incidence
(54.2 and 59.1%, respectively) of TML in both the 50 and 75 mg/kg groups was observed in
FVB-Trp53*" male mice than in previous studies [17, 27]. Moreover, malignant lymphoma
metastasized to various organs, such as the spleen, lymph nodes, liver, kidney, and lungs [17,
27], as observed in our study. In addition, TML metastasized to the lungs, spleen, lymph
nodes, liver, kidney, and heart in FVB-Trp53+/ “ male mice.

A higher incidence (> 40%) of malignant lung tumors was observed in the 25-75 mg/kg
group in this study than in previous studies [17, 27]. Interestingly, lung adenocarcinoma was
observed in 30.8, 33.3, and 18.2% of FVB-Trp53*" mice in the 25, 50, and 75 mg/kg groups,
respectively. Furthermore, the incidence of primary lung tumors, such as adenoma and adeno-
carcinoma, which has not been reported in previous papers [17, 27], was 65.4, 62.5, and 45.4%
in the 25, 50, and 75 mg/kg groups of FVB-Trp53*" mice, respectively, supporting the reports
that FVB/N mice are susceptible to lung tumorigenesis [28, 29]. The main tumor types in
FVB-Trp53*" mice were TML and primary lung tumors, regardless of the dose of MNU
administered. However, the main tumor type in C57BL/6 background Trp53*/~ mice is malig-
nant lymphoma in the thymus and spleen [17, 27, 30, 31].

Based on our data and a previously published paper, MNU could be used as a positive con-
trol for FVB-Trp53*" mice in short-term carcinogenicity studies. We found that both the 50
and 75 mg/kg groups of FVB-Trp53"/" mice had similar incidences of TML and lung tumors.
Furthermore, the survival rate in the 50 mg/kg group was higher than that in the 75 mg/kg
group. Therefore, 50 mg/kg in FVB-Trp53*" mice was considered a suitable concentration for
positive control in a short-term carcinogenic study.

Immunohistochemical staining was performed to investigate the pattern of primary lung
tumors in FVB-Trp53 mice. PCNA is considered a key prognostic index for cancer [32].
PCNA in malignant tumors of the lungs was more prominently stained than in lung adenoma.
CC10 is an anti-inflammatory protein produced by epithelial cells in the lungs, rarely found in
human non-small cell carcinoma or tumor cell lines, and abundantly produced in progenitor
cells of normal and neoplastic epithelium [33]. CC10 expression was observed only in the
bronchiolar epithelium at the center of TML lung metastasis, while low CC10 expression was
observed in primary adenoma or adenocarcinoma of the lungs. Nonetheless, it is difficult to
conclude that anti-inflammatory response is increased in TML lung metastasis. SPC is a pul-
monary surfactant protein C that is one of the four surfactant proteins produced by type II
alveolar epithelial cells [34]. The expression of SPC decreases significantly in various types of
lung injury and is associated with ACE apoptosis [35]. The primary adenoma and adenocarci-
noma in the lungs in this study showed SPC expression, which indicates the possibility of a
type II alveolar cell-derived primary lung tumor.

In summary, FVB-Trp53 heterozygous mice were used for short-term carcinogenicity tests,
using MNU as a positive control. A single dose of 50 mg/kg MNU in FVB-Trp53* might be a
suitable concentration for positive control in short-term carcinogenic studies.
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