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Simple Summary: Canines have a high incidence of mammary tumors, which is a major problem in
the veterinary field. Approximately half of canine mammary tumors are malignant and metastasize to
nearby lymph nodes. In this study, we analyzed the expression levels of RAD51, a DNA homologous
recombination repair-related molecule, in canine mammary tumor cell lines derived from the primary
tumor CHMp and metastatic tumor CHMm, which were established from the same individual. The
RAD51 expression level in CHMm was higher than that in CHMp. However, CHMp was more
resistant than CHMm to irradiation and formed functional Rad51 foci, which form at DNA lesions
for homologous recombination repair. The cell cycle regulator p21 was expressed upon radiation
exposure in CHMp cells, but not in CHMm cells, indicating that CHMm did not induce cell cycle
arrest after irradiation. These results suggest that the radioresistance of CHMm, with high RAD51
expression, is lower than that of CHMp.

Abstract: Due to the high incidence of mammary tumors in dogs, it is important to elucidate the
pathogenesis of these tumors in veterinary medicine. Radiation therapy is often used to treat
mammary tumors that target DNA lesions. RAD51 is a key molecule that repairs DNA damage
via homologous recombination. We examined the relationship between RAD51 expression and
radiosensitivity in mammary tumor cell lines. CHMp and CHMm from the same individual were
selected based on the differences in RAD51 expression. The radiosensitivity of both cell lines was
examined using MTT and scratch assays; CHMm, which has high RAD51 expression, showed higher
sensitivity to radiation than CHMp. However, the nuclear focus of RAD51 during DNA repair was
formed normally in CHMp, but not in most of CHMm. Since irradiation resulted in the suppression
of cell cycle progression in CHMp, the expression of p21, a cell cycle regulatory factor, was detected
in CHMp after 15 Gy irradiation but not in CHMm. These results indicate that functional expression
is more important than the quantitative expression of RAD51 in canine mammary tumor cells in
response to DNA damage.

Keywords: canine; DNA damage repair; mammary tumor; p21; RAD51

Vet. Sci. 2022, 9, 703. https://doi.org/10.3390/vetsci9120703 https://www.mdpi.com/journal/vetsci

https://doi.org/10.3390/vetsci9120703
https://doi.org/10.3390/vetsci9120703
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com
https://orcid.org/0000-0002-5736-0598
https://orcid.org/0000-0003-4257-3088
https://orcid.org/0000-0003-0740-0157
https://doi.org/10.3390/vetsci9120703
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com/article/10.3390/vetsci9120703?type=check_update&version=3


Vet. Sci. 2022, 9, 703 2 of 13

1. Introduction

RAD51 is a highly structurally conserved molecule in organisms ranging from
Escherichia coli to higher mammals and plays an important role in maintaining genome
stability [1,2]. RAD51 forms a complex with breast cancer susceptibility gene 2 (BRCA2)
upon DNA damage, such as DNA double-strand breaks (DSB) for homologous recom-
bination (HR) repair [3,4]. HR is catalyzed by RAD51 recombinase, which forms a
nucleoprotein filament on resected single-stranded DNA (ssDNA) at the damage site,
and mediates the pairing of homologous DNA sequences and strand invasion [5]. Dis-
ruption of the interaction between RAD51 and BRCA2 leads to genomic instability and
the development of mammary tumors [6–8]. RAD51 and BRCA2 are essential for sur-
vival, RAD51 knockout mouse embryos are lethal, and dysfunctional RAD51 also results
in abnormal spermatogenesis [9,10].

Canines have a high incidence of mammary tumors [11], and several mutations have
been detected in BRCA2 and RAD51 [12–16]. In canine studies, RAD51 forms nuclear foci
during DNA damage and may function in damage repair [17]. Therefore, the maintenance
of genomic stability by RAD51 and BRCA2 plays a potential role in the prevention of
tumorigenesis in dogs. Although RAD51 and BRCA2 are essential for maintaining genomic
stability, their increased expression has been reported in lymph node metastases of canine
mammary adenocarcinomas [18,19]. Some reports have suggested that overexpression of
RAD51 induces radioresistance in human cancer tissues [20,21] and enhances metastasis
in human breast cancer cell lines [22]. These phenomena indicate that maintenance of
genomic stability is dependent upon tight regulation of RAD51 and BRCA2, key molecules
of HR. In 2006, Uyama et al. established eight cell lines from primary and metastatic foci in
four canines with mammary tumors [23], respectively, which have been used in subsequent
studies [24–26]. Several reports on the radiosensitivity and radioresistance of canine cancer
cell lines exist. Squamous cell carcinoma, fibrosarcoma, and hemangiocytoma cell lines
showed radiation sensitivity, with a survival rate of less than 10% after 5.76 ± 0.33 Gy of
γ-radiation [27]. Cancer stem cells derived from a canine lung adenocarcinoma cell line
survived for 7 days of over 10 Gy of radiation dose [28]. However, the relationship between
radiosensitivity and radioresistance in canine mammary tumor cell lines, focusing on DNA
HR repair-related molecules, has not yet been analyzed.

In this study, we investigated the role of HR-related molecules in canine mammary
tumors. We selected two cell lines with low and high RAD51 expression from eight mammary
tumor-derived cell lines. These cell lines were examined for radiosensitivity and the relation-
ship between RAD51 expression and function. Additionally, we analyzed the relationship
between the expression levels of the cell cycle control molecules p21 and RAD51.

2. Materials and Methods
2.1. Cells and Cell Culture

HeLa cells were purchased from the American Type Culture Collection (ATCC, Man-
assas, VA, USA). Canine mammary gland tumor (CMT) cell lines were established and
characterized in previous studies. CHMp cells were collected from the primary nest of
clinical stage IV mammary adenocarcinoma, and CHMm cells were collected from pleural
effusions. These cell lines were established from the same individual 12-year-old mixed
female dog [23]. HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and CMT cell lines were main-
tained in RPMI1640 medium (FUJIFILM Wako Pure Chemical Corporation), supplemented
with 10% fetal bovine serum (FBA), penicillin, and streptomycin (FUJIFILM Wako Pure
Chemical Corporation), and incubated at 37 ◦C in a 5% CO2 atmosphere.

2.2. Double Thymidine Block

To synchronize the G0 phase, sub-confluent CHMp and CHMm cells were treated
with 2 mM thymidine for 18 h. After washing twice in phosphate-buffered saline (PBS),
the cells were cultured in fresh DMEM with 10% FBS for 9 h and then treated with 2 mM
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thymidine for another 18 h. After washing twice in PBS, the cells were incubated in DMEM
containing 10% FBS and collected at the designated time points for assays.

2.3. Western Blot Analysis

Cells were lysed with mammalian lysis buffer (Promega Corporation, Madison, WI,
USA) supplemented with a protease inhibitor cocktail (Promega Corporation). Protein
concentrations were determined using a BCA protein assay kit (Nacalai Tesque, Kyoto,
Japan). The protein extract from the cells (10 µg) was mixed with 2× loading buffer
and separated on 5–20% gradient SDS-PAGE (Dream Realization and Communication:
DRC). The separated proteins were transferred onto polyvinylidene difluoride (PVDF)
membranes. Membranes were blocked with EzBlock Chemi reagent (ATTO Corporation,
Amherst, NY, USA) for 1 h at 25 ◦C. Western blot analysis was performed using the
following primary antibodies for 16 h at 4 ◦C: rabbit polyclonal anti-RAD51 (1:1000;
cat. no. sc-8349, Santa Cruz Technology, Dallas, TX, USA), rabbit polyclonal anti-Halo
(1:1000; cat. no. G9281, Promega Corporation), rabbit polyclonal anti-p21 (1:1000;
cat. no. 10355-1-AP, Proteintech, Rosemont, IL, USA), and mouse monoclonal anti-
α-tubulin (1:2000; cat. no. 013-25033, FUJIFILM Wako Pure Chemical Corporation).
Horseradish peroxidase-conjugated secondary antibodies (1 h at 25 ◦C) and EzWestLumi
plus (ATTO Corporation) were used to detect the antibody-bound proteins.

2.4. Induction of DNA Damage

Irradiation of CHMp and CHMm cell lines was carried out using a Faxitron CP160
irradiator (Faxitron X-ray Corporation, Tucson, AZ, USA) at 5 Gy/min, for a total
maximum dose of 15 Gy. Doxorubicin stimulation was applied to the CHMp and CHMm
cell lines at suitable concentrations of doxorubicin (FUJIFILM Wako Pure Chemical
Corporation) in the medium.

2.5. MTT Assay

The effects of irradiation on CHMp and CHMm cells were evaluated using MTT assay.
Cells were plated in 96-well plates at a density of 1.5 × 103 cells/well. After 24 h, the cells
were irradiated at various intensities (0, 1, 2.5, 5, 10, and 15 Gy) and incubated for 72 h at
37 ◦C. At the end of the treatment period, 7.5 µL MTT (Dojindo, Kumamoto, Japan,
5 mg/mL PBS) was added to each well. The cells were incubated for 4 h at 37 ◦C. Col-
ored crystals of the produced formazan were dissolved in 150 µL DMSO. The purple-blue
formazan formed was measured at 560 nm using a MULTISKAN FC (Thermo Fisher Scien-
tific, Inc. Waltham, MA, USA). The optical density of each sample was compared with the
optical density of the control, and graphs were plotted using the SkanItTM Software ver. 4.1
(Thermo Fisher Scientific, Inc.). IC50 values were obtained from the inhibition curve plots.

2.6. Tumor Cell Migration Assay

Inhibition of CHMp and CHMm cell migration after irradiation was assessed using a
wound healing assay [29]. CHMp and CHMm cells were seeded in RPMI-1640 medium,
supplemented with 10% FBS, penicillin, and streptomycin, and grown in confluent mono-
layers in 6-well plates at a density of 4 × 105 cells/well for 24 h. A single scratch wound
was created using a sterile micropipette tip. Subsequently, cell debris was removed by
washing the plates twice with PBS, and the cell culture medium was refreshed with 1% FBS.
The cells were cultivated for up to 24 h. Three independent experiments were performed
and the area of cell migration was examined using an inverted microscope (DM IL LED,
Leica Microsystems, Wetzlar, Germany) and quantified using ImageJ ver. 1.53e software
(National Institutes of Health, Bethesda, MD, USA).

2.7. Immunostaining of RAD51 Foci and Microscopy

CHMp and CHMm cell monolayers (80% confluent) were cultured on coverslips
(Matsunami Glass, Bellingham, WA, USA). After 24 h, the CHMp and CHMm cell lines
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were irradiated with 15 Gy. The cells were immediately returned to the tissue culture
incubator and fixed with 4% paraformaldehyde for 6 h after the irradiation. After perme-
abilization with 0.3% Triton X-100 in PBS, cells were incubated with H-92, a polyclonal
antibody against human RAD51 (1:250; cat. no.sc-8349, Santa Cruz Technology), fol-
lowed by Alexa Fluor-568-conjugated goat anti-rabbit IgG (Molecular Probes, Eugene,
OR, USA) [17]. RAD51 foci were examined under a fluorescence microscope (Nikon
Corporation, Tokyo, Japan). Images containing at least 100 cells were captured by a
computer, and the number of cells containing at least 10 foci or deep red-dyed nuclei
was recorded and plotted as a percentage of the total number of cells.

2.8. cDNA Cloning, Sequencing, and Structure Analysis of Canine p21

Canine p21 was amplified using polymerase chain reaction (PCR) with the following
oligonucleotide primers: canine p21-F (5′- CGAGCTGCTGCGGGAGACGGTG-3′) and
canine p21-R (5′- GTGGCAAGCAGGGTATGTACATG-3′). These primers were designed
based on predicted canine p21 sequences (GenBank accession no. XM_532125.6). Total
RNA was obtained from the canine kidney (Zymo Research Corp., Irvine, CA, USA). Total
RNA (4 µg) was denatured at 70 ◦C for 10 min, cooled immediately, and reverse-transcribed
using 200 units of SuperScript III (Thermo Fisher Scientific Inc.), 25 pmol of random primer,
and 10 nmol dNTPs in a total volume of 20 µL at 37 ◦C for 50 min. PCR amplification
was performed using PrimeSTAR (Takara Bio, Shiga, Japan). The PCR was conducted
for 30 cycles, each consisting of denaturation at 96 ◦C for 30 s, annealing at 55 ◦C, and
extension at 72 ◦C for 1 min. Sequence data were determined for at least five independent
clones using the ABI 3730 platform (Applied Biosystems; Thermo Fisher Scientific Inc.).
For the sequence analysis, human p21 (GenBank accession No. NP_000380.1) and canine
p21 (GenBank accession No. BCL66287.1) were compared using the Genetyx software ver.
16 (Genetyx Corporation, Tokyo, Japan) and the InterPro classification of protein families
program (https://www.ebi.ac.uk/interpro/) (accessed on 30 July 2022) [30]. dATP was
added to the PCR products using a 10× A-attachment kit (Toyobo Life Science, Osaka,
Japan) and cloned into the pGEM-T Easy vector (Promega Corporation). These clones
were subcloned into the Halo-tagged expression vector pFN21A (Promega Corporation)
containing Sgf I/PmeI sites.

2.9. Cell Cycle Analysis

The cells were treated with 15 Gy irradiation. Following 72 h of incubation at 37 ◦C,
the cells were detached by trypsinization, washed twice in PBS, and fixed with 70% EtOH
for 24 h at −25 ◦C. For analysis, 5 × 105 cells were washed with PBS, resuspended in
200 µL of Muse® Cell Cycle Reagent (Luminex Corp., Austin, TX, USA), and incubated for
30 min at 22 ◦C in the dark. Finally, the cell suspension was transferred into a new 1.5 mL
tube without a cap, and the samples were analyzed using flow cytometry on a Guava®

Muse® Cell Analyzer (Luminex Corp.).

2.10. Microsatellite Genotyping of CHMp and CHMm Using PCR and Amplified Fragment
Length Polymorphism Analysis

Thirteen microsatellite loci were compared between CHMp and CHMm cell lines using
PCR and amplified fragment length polymorphism analysis in a genetic diagnosis labora-
tory (http://www.kahotechno.co.jp/clinic/index.html) (accessed on 30 July 2022) [26].

2.11. p53 Tetramerization Reporter Assay

The p53 response element in p21WAF (GenBank accession no. U24170, nucleotides
2303–2321) and human cytomegalovirus in the pTet-splice vector (nucleotides 318–446;
Clontech Laboratories Inc., Mountain View, CA, USA) [31] were inserted between the
XhoI and HindIII sites in pNL1.1[Nluc] (p53RE-pNL1.1) (Promega). To measure endoge-
nous p21 transcriptional activities, CHMp and CHMm cells were transfected with the
p53RE-pNL1.1. The cells were harvested 48 h after transfection, and luciferase activity

https://www.ebi.ac.uk/interpro/
http://www.kahotechno.co.jp/clinic/index.html
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was measured using the Nano-Glo Dual-Luciferase Reporter Assay System (Promega).
Luciferase activity was normalized to the value of luc2 activity from the co-transfected
pGL4.51[luc2/ CMV/Neo] (Promega).

2.12. Statistical Analysis

Data are expressed as mean ± standard deviation. Analysis of variance with Tukey’s
post hoc test was used when multiple comparisons were required. A value of p < 0.01
indicated a statistically significant difference.

3. Results
3.1. RAD51 Expression Was Different in Each Canine Mammary Tumor Cell Line

To investigate RAD51 expression, proteins were extracted from double thymidine-
blocked canine mammary tumor cell lines. A comparison of RAD51 expression levels
using western blotting showed that RAD51 expression levels were different in each of the
eight cell lines. Particularly, CHMp (derived from primary foci) and CHMm (derived from
metastatic foci), which were established from the same individual, showed remarkable
differences in both G0 and S phases (Figure 1).
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Figure 1. Analysis of RAD51 expression in eight canine mammary tumor cell lines. RAD51 expression
status in the G0 and S phases in double thymidine-blocked mammary tumor cell lines was analyzed
using western blotting. α-tubulin was used as a loading control. CHMp and CHMm derived from
the same individual with markedly different RAD51 expressions are indicated by red dotted boxes.
(The original gel figures can be found in the Supplementary Materials.).

3.2. Cell Survival after Irradiation

CHMp and CHMm were irradiated, and after 72 h, cell viability was evaluated using
the MTT assay. IC50 of radiation exposure of CHMp was 4.61 Gy and that of CHMm was
4.66 Gy, which were similar; however, high dose irradiation of 10 or 15 Gy resulted in lower
survival rates for CHMm (Figure 2).
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intensities of radiation (0, 1, 2.5, 5, 10, 15 Gy). After 72 h, the IC50 values and cell viability using an
MTT assay were determined by measuring the absorbance at 560 nm on a microplate reader. The
values of no treatment were 100%, and the values are shown from eight independent experiments
as the mean ± SD. Asterisks on top of the brackets indicate significant differences calculated using
ANOVA with Tukey’s multiple-comparison test (** p < 0.01).
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3.3. Comparison of Migration Abilities after Radiation

Twenty-four hours after scratching without irradiation, CHMp cells recovered almost
completely, whereas recovery of CHMm cells was incomplete (Figure 3A). With 10 Gy
radiation treatment, the CHMp cells largely recovered from the wound after 24 h; the
CHMm cells exhibited a significantly delayed wound healing ability (Figure 3B).
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Figure 3. Cell migration after irradiation of CHMp and CHMm. (A) Migration of CHMp and CHMm
cell lines that were incubated for 72 h after irradiation was assessed using a wound healing assay
24 h after scratch. Representative images of the scratched areas are shown. Microscope magnification,
×200. (B) Cell migration was quantified using ImageJ software. The values of cell migration of
CHMp without irradiation are 100%, and the values are shown from three independent experiments
as the mean ± SD. Asterisks on top of the brackets indicate significant differences calculated using
ANOVA with Tukey’s multiple-comparison test (** p < 0.01).

3.4. CHMm Cells Had Reduced Ability to Form RAD51 Foci after Irradiation

To confirm the RAD51 function in the repair of irradiation-induced DNA damage,
RAD51 focus formation assays were performed in CHMp and CHMm. CHMm cells showed
red-dyed nuclei, reflecting high RAD51 expression in the absence of irradiation compared
with CHMp cells; these cell numbers were further increased by irradiation (Figure 4A,B). In
contrast, CHMp formed distinct RAD51 foci in the nucleus after irradiation (Figure 4A,C).
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Figure 4. RAD51 focus formation in CHMp and CHMm. (A) RAD51 immunostained cells, be-
fore and after being subjected to ionizing radiation. The indicated cells were irradiated (15 Gy)
and fixed 6 h after exposure to the ionizing radiation. In the panel for RAD51 foci, the nu-
clei of focus-forming cells are indicated by arrowheads, and deep-red-dyed nuclei are indicated
by arrows. (B,C) Images containing at least 100 cells were captured by a computer, and the
number of cells containing deep-red-dyed areas determined to be RAD51-overexpressing nuclei
(B) or at least 10 foci (C) was recorded and plotted as a percentage of the total number of cells. The
plots were generated from three independent experiments. The results are given as the mean ± SD.
Asterisks on top of the brackets indicate significant differences calculated using ANOVA with Tukey’s
multiple-comparison test (** p < 0.01).

3.4.1. Irradiation Does Not Lead to Cell Cycle Arrest in CHMm

To verify the effect of irradiation-induced cell cycle arrest on CHMp and CHMm cells,
the cell cycle was synchronized using a double thymidine block, followed by irradiation
with 15 Gy, and the cell cycle was observed 6 h later. The DNA content of CHMm, which
was synchronized to the G0 phase, was lower than that of CHMp (Figure 5). Inhibition of
the increase in intracellular DNA content was observed in the irradiated group compared
to that in the non-irradiated group for CHMp, but not for CHMm (Figure 5A).

3.4.2. Analysis of Cell Identity Using Microsatellite Analysis

Thirteen microsatellite loci were compared between CHMp and CHMm strains. Four
microsatellite loci, PEZ11, FH3837, CPH14, and FH2594, were different between the CHMp
and CHMm cell lines, while the other nine were identical (Figure 5B).

3.4.3. Cloning and Structural Analysis of Canine PALB2

The ORF of canine p21 cDNA determined in this study (GenBank LC586433.1) con-
sisted of 495 base pairs (bp) and was predicted to encode 164 amino acids. Canine p21
protein showed 82% homology with the human p21 protein (GenBank NP_000380.1).
Canine p21 contained a putative cyclin-dependent kinase inhibitor domain (Figure 6A).

3.4.4. Confirmation of Cross-Reactivity of Anti-Human p21 Antibodies against Canine p21

To confirm the cross-reactivity of the anti-human p21 antibody with canine p21,
western blotting was performed using anti-Halo tag and p21 antibodies. Halo-tagged p21
was detected at the same size as anti-Halo and anti-p21 antibodies; thus, the anti-human
p21 antibody was demonstrated to have cross-reactivity against canine p21 (Figure 6B).
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3.4.5. p21 Expression Was Induced by DNA Damage in CHMp, but Not CHMm

To verify why CHMm cells with high RAD51 expression were vulnerable to DNA
damage, we examined p21 expression in cells induced by DNA damage. In both CHMp
and CHMm cells irradiated with 15 Gy, RAD51 expression was unchanged before and 24 h
after irradiation; however, p21 expression increased only in CHMp (Figure 7A). Similarly,
p21 expression was increased in CHMp cells at 24 h after exposure to 1 or 5 µM doxorubicin,
but not in CHMm cells (Figure 7B). The increase in p21 expression in CHMp cells was
maximal at 1 µM doxorubicin exposure under these experimental conditions.
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analysis using PI staining was performed after 15 Gy irradiation. (B) Microsatellite analysis of cell lines
established from the same origins. Thirteen microsatellite loci were compared between CHMp (upper
panel) and CHMm (lower panel) cells. Four loci (CPH14, FH2594, FH3837, and PEZ11) were different,
but the other nine loci shown under the panels were identical between these two cell lines.

3.4.6. The p21 Transcriptional Activation of CHMm Cells Was Significantly Reduced

The p53 tetramer response element, along with the human cytomegalovirus minimal
promoter sequence, was cloned upstream of the sequence encoding Nano Luc [26], and the
resulting plasmid was transfected into CHMp and CHMm cells to measure endogenous
p21 transactivation abilities. CHMm cells showed an approximately 20-fold reduction in
luciferase activity compared to CHMp cells (Figure 7C).
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Figure 6. Structure analysis of canine p21 and cross-reactivity of anti-p21 antibody. (A) The amino
acid sequence of canine p21 (BCL66287.1) was aligned with that of the human p21 (NP_000380.1) using
ClustalW. Residues are denoted as full conservation (*), conservation of the strong amino group (:), or
conservation of the weak amino group (·). The conserved functional domain of cyclin-dependent kinase
inhibitor predicted using InterPro is boxed. (B) Western blot analysis using anti-Halo or human p21
antibodies. Cell lysates from Halo-tagged p21 forced expressed HeLa cells were electrophoresed using
5–20% gels. α-tubulin was used as a reference protein for the normalization of protein loading. (The
original gel figures can be found in the Supplementary Materials.).
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Figure 7. Induction of p21 expression in response to DNA damage, and measurement of transcriptional
activity of p21. Expression levels of RAD51 and p21 in CHMp and CHMm after 24 h with 15 Gy
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(C) The luciferase activities reflect the p21 transcriptional ability of endogenous CHMp and CHMm cells.
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calculated using ANOVA with Tukey’s multiple-comparison test (** p < 0.01). (The original gel figures
can be found in the Supplementary Materials.).
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4. Discussion

Mammary tumors are a common disease in dogs, and a variety of treatment options
are available [32,33], including radiation therapy. The combination of radiation therapy
with PARP inhibitors for cases of BRCA2-mutated canine mammary tumors is also being
studied [32]. The DNA damage repair system of tumor tissues is key to the success
of radiotherapy aimed at DNA lesions in tumor cells [34]. HR repair is the primary
repair system for irradiation-induced DNA DSBs. RAD51 [5], which is closely involved
in the HR process, is often overexpressed in chemoresistant radioresistant human tumor
tissues [35,36]. Increased expression of HR-related molecules, such as RAD51 and BRCA2,
has also been observed in canine mammary tumor tissue [18,19], but their functional roles
in tumor cell lines have not been investigated.

Comparison of RAD51 expression in eight cell lines derived from mammary tumors
using western blotting in G0 and S phases synchronized using double thymidine block
revealed that the expression levels varied among cell lines, but no differences were observed
between cell cycles. This is because RAD51 does not exhibit increased protein quantity
upon DNA damage, but functions by congregating at the site of damage [37,38]. In this
study, we selected CHMp and CHMm, which are derived from the same individual and
showed marked differences in RAD51 expression using western blotting analysis and
compared their radiosensitivity. After irradiation from 0 to 15 Gy, no difference in the
survival rate of both cells as indexed by IC50 up to 5 Gy irradiation was observed. However,
at 10 and 15 Gy irradiation, the survival rate decreased in CHMm cells having higher
RAD51 expression. When cells were scratched 72 h after 15 Gy irradiation, the recovery rate
at 24 h was significantly higher for CHMp. These results indicate that CHMm with higher
RAD51 expression is more radiosensitive than CHMp with lower RAD51 expression.

To investigate the intracellular dynamics of RAD51, which is highly expressed in
CHMm cells, we investigated RAD51 nuclear focus formation in cells irradiated with
15 Gy. In CHMm, an internuclear RAD51 was stained deep red at a higher ratio, which
was more significant after irradiation. In contrast, the number of CHMp cells with
RAD51 internuclear foci increased significantly after irradiation. RAD51 foci after the
induction of DNA damage were visualized by RAD51 assembly at DNA damage sites
and are an indicator of DNA damage repair by HR [39,40]. Deep-red-stained RAD51 in
the internuclear region of CHMm indicates a high expression of RAD51, but this may
not be a functional congregation.

When cells are exposed to DNA damage, tumor suppressor genes, such as p53, are
expressed, resulting in cell cycle arrest [41]. FACS analysis was performed to confirm
the cell cycle stages of CHMp and CHMm cells after irradiation. CHMp synchronized to
the G0 phase showed a doubling of the DNA content index at 6 h under non-irradiated
conditions, but the doubling cells were reduced in the 15 Gy irradiated group. However,
a DNA content index of less than two-fold but more than one-fold was observed even
in cells 6 h post-irradiation, suggesting simultaneous DNA replication and cell cycle
arrest in CHMp cells. In contrast, in CHMm cells, the DNA content index doubled at
6 h in both the non-irradiated and irradiated groups. This suggests that cell cycle arrest
may not have occurred in the CHMm cells. Although CHMp and CHMm cells were
derived from the same individual, they showed differences in the DNA content index at
the G0 phase after the double thymidine block. Therefore, we performed a microsatellite
analysis to confirm the clonality of these cells. Thirteen microsatellite markers were
evaluated, and differences were observed in four loci between CHMp and CHMm cells.
Because microsatellite marker analyses of mammary tumor cell lines derived from the
same individual in previous studies in dogs showed differences of two–five loci among
cell lines, the present results are not considered abnormal for the genomic status of cell
lines derived from the same individual [26].

Because irradiation suppressed cell cycle progression in CHMp, but not in CHMm, we
examined the intracellular dynamics of p21, a p53 downstream molecule, and a major cell
cycle regulator during DNA damage. Since the canine p21 homolog had not been cloned,
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it was newly cloned in the present study and the cross-reactivity of the anti-human p21
antibody against canine p21 was confirmed. Structural comparison of canine p21 with
human p21 showed high amino acid sequence homology (82%) and conservation of the
functional domain of the cyclin-dependent kinase inhibitor. Same-size bands were observed
using both anti-Halo and anti-human p21 antibodies against Halo-tag fused canine p21
using western blotting, confirming the cross-reactivity of anti-human p21 antibodies to
canine p21. Using this antibody, observation of p21 expression in CHMp and CHMm
24 h after 15 Gy radiation showed that p21 expression was increased in CHMp, but not
in CHMm. Furthermore, 1 or 5 µM doxorubicin treatment, which induces DNA damage
through reactive oxygen species generation [42], increased p21 expression only in CHMp.
This result is consistent with the FACS results showing inhibition of cell cycle progression
after DNA damage in CHMp, but not in CHMm. However, the expression level of RAD51
was not changed by radiation, and a slight decrease in expression was observed after
1 µM doxorubicin stimulation. The expression of p21 after DNA damage is triggered by
p53 tetramer formation [43]. A nano luciferase reporter assay using the p53 tetramerization
response element [26], in which transcriptional activation occurs by tetrameric p53, showed
that luciferase activity was approximately 20-fold higher in CHMp expressing p21 than in
CHMm not expressing p21. This result suggests that p53 tetramer formation was impaired
in CHMm. Since a previous study analyzed the p53 mRNA sequences of eight canine
mammary tumor-derived cell lines and did not find mutations in CHMm [26], there may
be other reasons for the suppression of p21 expression.

No studies have investigated the radiosensitivity and DNA damage repair mechanisms
of canine mammary tumor cell lines by focusing on RAD51 expression profile. Among
CHMp and CHMm derived from the same individuals with large differences in RAD51
expression, CHMm with high RAD51 expression was more radiosensitive at high doses of
irradiation. It is possible that in CHMm with high RAD51 expression, the rate of RAD51
foci formation during irradiation is low compared to that in CHMp, resulting in inefficient
HR. There was also no cell cycle arrest after irradiation in CHMm cells, because p21, a cell
cycle regulator, was not expressed. The present study was based on analysis of only one
pair of cell lines derived from the same individual. To determine the universal function of
overexpressed RAD51 in dogs, more cell types are needed for subsequent investigations.
In the future, studies on molecules surrounding RAD51, such as p53, which is involved
in p21 expression, and BRCA2, which is essential for the functional expression of RAD51,
should be expanded to establish a foundation for elucidating the mechanism of mammary
tumorigenesis and developing novel therapeutic strategies in dogs.
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