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Radio-resistance of cancer stem-like cells (CSCs) is associated with the failure of radiation therapy. 
ZsGreen1-positive (ZsG⁺) cells, which exhibit low proteasome activity, have been used to enable 
the detection and isolation of CSCs. However, the mechanisms of radio-resistance in canine tumor 
cells with low proteasome activity remain unclear. This study aimed to elucidate the radio-resistance 
mechanisms of ZsG+ cells by identifying a potential target of canine CSCs. ZsG+ cells, isolated using 
flow cytometric cell sorting, were compared with ZsG− cells. Sulfasalazine was used to suppress 
glutathione (GSH) synthesis by inhibiting xCT. In vitro experiments demonstrated a significantly higher 
radio-resistance in ZsG+ cells than in ZsG− cells. After X-irradiation, ZsG+ cells had fewer p53‑binding 
protein 1 (53BP1) foci, low reactive oxygen species (ROS) accumulation, and high GSH content. 
Sulfasalazine caused radiosensitization of ZsG+ cells with an increased number of 53BP1 foci by 
decreasing GSH contents and increasing ROS accumulation. The low proteasome activity played a role 
in xCT upregulation. In conclusion, canine tumor cells with low proteasome activity are radio-resistant 
due to high GSH content and low ROS accumulation. Sulfasalazine causes radiosensitization of the 
tumor cells by altering redox balance by inhibiting GSH synthesis for effective targeting of canine CSCs.
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Cancer stem-like cells (CSCs) or tumor-initiating cells are a distinct subpopulation with specific surface 
markers that possess the metastatic capability of undergoing unlimited cell growth, self-renewal, asymmetric 
cell division, and differentiation1 The difference in radiosensitivity may be attributed to tumor heterogeneity, 
which is responsible for the inconsistent effect of radiation therapy on tumor cells2 Furthermore, the radio-
resistance of tumor cells, particularly CSCs, makes it difficult to eradicate the tumor, suggesting that it is essential 
to understand the mechanism of radio-resistance3,4.

In a previous study, a CSC visualization system was developed for the isolation and identification of CSCs5 In 
this system, canine tumor cells were engineered to express a ZsGreen1 (ZsG) fluorescent protein connected to a 
proteasome degron, and canine CSCs were visualized because of their low proteasome activity; these cells were 
defined as ZsG+ cells. Finally, ZsG+ cells that exhibited CSC-like properties were successfully isolated using flow 
cytometric cell sorting. However, the radio-resistance of canine tumor cells with low proteasome activity and its 
mechanism remain unclear.

Various factors influence the radio-resistance of CSCs, including the degree of DNA damage, detection of 
reactive oxygen species (ROS), and glutathione (GSH) contents4,6,7 DNA damage is one of the most effective 
mechanisms by which ionizing radiation leads to tumor cell death,8 and DNA double-strand breaks (DSBs) 
are believed to cause major DNA damage in radiation therapy9 p53‑binding protein 1 (53BP1) is an important 
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component of DSB signaling and facilitates the nonhomologous end-joining (NHEJ)-mediated DSB repair. 
53BP1 has been employed as a marker for DNA damage and repair because of the rapid recruitment of 53BP1 
to the DNA break sites10–12.

The generation of ROS plays the role of indirect damage to tumor cells, and this is observed in a large portion 
of DNA damage caused by low linear energy transfer radiation, such as X- and gamma-rays13,14 Thus, ROS 
is an important factor in controlling tumor cell radio-resistance15 To counteract ROS production and survive 
radiation therapy, radio-resistant tumor cells maintain increased levels of reductants, such as GSH, which protect 
cells from oxidative damage through reaction with electrophiles or ROS6,16,17.

The radio-resistance of CSCs is associated with their low proteasome activity, which reduces the proteasome-
dependent degradation of antioxidant-related molecules such as xCT, Nrf2, and ATF4, thereby leading to their 
intracellular accumulation18–20 The cystine/glutamate antiporter xCT, also known as SLC7A11, is involved in 
GSH biosynthesis and maintains tumor redox status21 In addition, the accumulation of transcription factors 
including Nrf2 and ATF4 promotes xCT expression, enhancing the cellular antioxidant capacity19.

Inhibition of xCT using sulfasalazine, which is used for inflammatory bowel disease in dogs, can disrupt the 
redox balance of tumor cells by suppressing GSH synthesis22,23 GSH deprivation using sulfasalazine induces 
free radical accumulation and tumor cell death via ferroptosis and apoptosis24 Moreover, sulfasalazine targets 
tumor cells with high expression levels of CSC markers, such as CD133 or CD44v,25,26 and prolongs the survival 
of rat brain tumor models by inducing CSC death27 A clinical study of gastric tumors showed that sulfasalazine 
can reduce the population of CSCs in gastric tumor tissues28 Furthermore, in a study of canine liver tumors, 
the xCT of canine CSCs was upregulated and sulfasalazine decreased the sphere-forming capacity of the cells29 
Our previous report also demonstrated that visualized canine tumor cells with low proteasome activity have 
upregulated CD133 and possess CSC-like properties5 These findings suggest that sulfasalazine may target canine 
tumor cells with low proteasome activity, making it a promising radiosensitizer candidate for eliminating canine 
CSCs.

In this study, the radio-resistance of canine tumor cells with low proteasome activity and its mechanism 
were explored by investigating the degree of DNA damage, accumulation of ROS, and GSH contents after 
X-irradiation. Further, the radiosensitizing effects of xCT inhibition were evaluated using sulfasalazine in canine 
CSCs.

Results
Ratio of ZsG+ cells after X-Irradiation
This study evaluated the ratio of ZsG+ cells using confocal microscopy and flow cytometry after X-irradiation 
with different doses. The ratio of ZsG+ cells increased in a dose-dependent manner at 3 days after X-irradiation 
in HMPOS–ZsG and MegTCC–ZsG, which are canine tumor cell lines engineered to visualize ZsG+ cells by 
green fluorescence under low proteasome activity (Fig. 1A and B). In addition, the ratio of ZsG+ cells increased 
in a time-dependent manner after treatment with 7.5  Gy of X-irradiation in HMPOS–ZsG (Supplementary 
Fig. 1A and 1B).

Radio-Resistance and Accumulation of 53BP1 Foci after X-Irradiation in ZsG+ Cells.
When 2 and 5  Gy of X-irradiation was applied to the cells at 6  h after cell sorting, ZsG+ cells exhibited 

a higher survival fraction than ZsG− cells in HMPOS–ZsG (2 Gy, 0.62 ± 0.02 and 0.79 ± 0.00, p = 0.015; 5 Gy, 
0.25 ± 0.06 and 0.44 ± 0.01, p = 0.008 for ZsG− and ZsG+ cells, respectively) and MegTCC–ZsG (2 Gy, 0.45 ± 0.03 
and 0.73 ± 0.04, p = 0.000; 5  Gy, 0.05 ± 0.00 and 0.15 ± 0.00, p = 0.023 for ZsG− and ZsG+ cells, respectively). 
When 5  Gy of X-irradiation was applied to the cells at 12  h after cell sorting, ZsG+ cells exhibited a higher 
survival fraction than ZsG− cells in HMPOS–ZsG (0.27 ± 0.01 and 0.43 ± 0.01, p = 0.045 for ZsG− and ZsG+ cells, 
respectively). In contrast, when 2 and 5 Gy of X-irradiation was applied to the cells at 12 h after cell sorting, ZsG+ 
cells exhibited a higher survival fraction than ZsG− cells in MegTCC–ZsG (2 Gy, 0.54 ± 0.02 and 0.79 ± 0.06, 
p = 0.001; 5 Gy, 0.09 ± 0.02 and 0.23 ± 0.00, p = 0.022 for ZsG− and ZsG+ cells, respectively) (Fig. 2A).

Different levels of DSB were confirmed by evaluating the accumulation of 53BP1 foci after X-irradiation 
in ZsG− and ZsG+ cells. The background level of 53BP1 foci per nucleus was < 5 in all groups. After 0.5  h 
of X-irradiation, ZsG+ cells exhibited a smaller number of 53BP1 foci than ZsG− cells in HMPOS–ZsG 
(12.80 ± 5.61 and 19.12 ± 3.99 for ZsG− and ZsG+ cells, respectively, p = 0.000) and MegTCC–ZsG (14.80 ± 3.01 
and 20.12 ± 2.96 for ZsG− and ZsG+ cells, respectively, p = 0.000). After 1 h of X-irradiation, ZsG+ cells showed a 
smaller number of 53BP1 foci than ZsG− cells in MegTCC–ZsG (9.88 ± 2.57 and 13.36 ± 2.12 for ZsG− and ZsG+ 
cells, respectively, p = 0.000) (Fig. 2B and C).

Level of ROS after X-Irradiation and GSH content in ZsG+ cells
Cellular ROS levels were assessed using CellROX® Deep Red staining after X-irradiation. The CellROX 
fluorescence intensity of ZsG+ cells was lower than that of ZsG− cells in HMPOS–ZsG and MegTCC–ZsG after 
X-irradiation (Fig. 3A). The relative fluorescence intensity values are presented in Fig. 3B. The relative CellROX 
fluorescence intensity values in ZsG+ cells were significantly lower than those in ZsG− cells after X-irradiation in 
HMPOS–ZsG (p = 0.040) and MegTCC–ZsG (p = 0.025) (Fig. 3B).

Following the evaluation of cellular ROS level, total GSH content was measured in ZsG− and ZsG+ cells. The 
total GSH content was significantly lower in ZsG− cells than in ZsG+ cells in HMPOS–ZsG (6 h, p = 0.000; 12 h, 
p = 0.003) and MegTCC–ZsG (6 h, p = 0.002; 12 h, p = 0.001) (Fig. 3C).

Changes in radiosensitivity and DSB after the application of sulfasalazine
In ZsG− cells, the suppression of GSH synthesis via 1,000 µM sulfasalazine exhibited a tendency of 
radiosensitization; however, no significant difference was observed between HMPOS–ZsG and MegTCC–
ZsG. In contrast, the suppression of GSH synthesis by 1,000 µM sulfasalazine significantly radiosensitized 
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ZsG+ cells at 2 (p = 0.014) and 5 Gy (p = 0.016) of X-irradiation after 6 h of incubation with sulfasalazine and at 
5 Gy (p = 0.040) of X-irradiation after 12 h of incubation with sulfasalazine in HMPOS–ZsG. The ZsG+ cells of 
MegTCC–ZsG were radiosensitized at 2 Gy of X-irradiation after 12 h of incubation with 1,000 µM sulfasalazine 
(p = 0.004) (Fig. 4A).

The immunofluorescence staining of 53BP1 revealed that xCT inhibition using 1000 µM sulfasalazine altered 
the DSB levels via X-irradiation in ZsG−and ZsG+ cells. After incubating tumor cells with sulfasalazine and 
treating with X-irradiation, the DSB levels of ZsG− and ZsG+ cells significantly increased in HMPOS–ZsG 
and MegTCC–ZsG. In addition, at 0.5 h after X-irradiation, the initial effects of sulfasalazine on DSB levels 
in ZsG+ cells were more significant than those in ZsG− cells (Fig. 4B). Consistent with these findings, a direct 
comparison of DSB levels between sulfasalazine-treated ZsG− and ZsG+ cells revealed that the levels were nearly 
indistinguishable at 0.5 and 1 h post-irradiation, except after 12 h of incubation in HMPOS–ZsG and 6 h of 
incubation in MegTCC–ZsG (Fig. 4C).

Change in redox status after the application of sulfasalazine
The cellular ROS levels were measured after incubation with 1,000 µM sulfasalazine for 6–12 h with or without 
X-irradiation. There was no difference in the CellROX fluorescence intensity between ZsG− and ZsG+ cells in the 
control and sulfasalazine groups for HMPOS–ZsG and MegTCC–ZsG. After X-irradiation, ZsG+ cells exhibited 

Fig. 1.  Ratio of ZsG+ cells after exposure to X-irradiation. (A) Fluorescence images of HMPOS–ZsG and 
MegTCC–ZsG showing a change in the ratio of ZsG+ cells after exposure to X-irradiation. Images were 
captured at a magnification of x100. (B) Dose-dependent change in the ratio of ZsG+ cells after X-irradiation 
in HMPOS–ZsG and MegTCC–ZsG. Error bars correspond to the standard deviation of the mean from three 
independent experiments. Gray circles indicate the value from an individual biological replicate. Tukey’s 
multiple comparison test was used for statistical analysis. *p < 0.05 and ***p < 0.001.
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lower CellROX fluorescence intensity than ZsG− cells in the 6 h incubation group in HMPOS–ZsG (p = 0.000) 
and MegTCC–ZsG (p = 0.035). Moreover, ZsG+ cells showed a similar pattern of fluorescence intensity in the 
12 h incubation group in HMPOS–ZsG (p = 0.018). Using the combination of sulfasalazine and X-irradiation, 
CellROX fluorescence intensity significantly increased in HMPOS–ZsG and MegTCC–ZsG (Fig. 5A).

In the GSH content analysis, a sulfasalazine dose-dependent decrease in GSH content was observed in 
HMPOS–ZsG and MegTCC–ZsG. After adding ≥ 500 µM sulfasalazine to the cells for 6 h, the differences in 
GSH contents between ZsG− and ZsG+ cells disappeared in HMPOS–ZsG and MegTCC–ZsG. After adding 
1,000 or 1,500 µM sulfasalazine to the cells for 12 h, the differences in GSH contents between ZsG− and ZsG+ 
cells disappeared in HMPOS–ZsG and MegTCC–ZsG (Fig. 5B). The relationship between GSH content and 
proteasome activity was demonstrated by evaluating xCT protein levels in HMPOS–ZsG (Supplementary 
Fig. 2). Densitometric analysis of the xCT protein levels revealed that xCT expression in ZsG− cells was markedly 
lower than in ZsG+ cells, which were shown to exhibit low proteasome activity in a previous study5 In addition, 
xCT protein levels in adherent cells increased following treatment with 1.0 µM MG-132, compared with both 
adherent cells treated with 0.5 µM MG-132 and ZsG− cells (Supplementary Fig. 3).

Fig. 2.  Radio-resistance and accumulation of 53BP1 foci after X-irradiation in ZsG+ cells. (A) Radiation 
survival curves of ZsG− and ZsG+ cells were evaluated using the clonogenic survival assay at 6–12 h of 
incubation after cell sorting. (B) Fluorescence images of ZsGreen1, DAPI, and 53BP1 in ZsG− and ZsG+ cells 
after treatment with 1 Gy of X-irradiation for 0.5 h. Images were captured at a magnification of x200. (C) 
Time-dependent changes of the average number of 53BP1 foci in ZsG− and ZsG+ cells after treatment with 
1 Gy of X-irradiation. Error bars correspond to the standard deviation of the mean from three independent 
experiments. Tukey’s multiple comparison test was used for statistical analysis. *p < 0.05, **p < 0.01, and 
***p < 0.001. 53BP1, p53‑binding protein 1; DAPI, 4′,6-diamidino-2-phenylindole.

 

Scientific Reports |        (2025) 15:18017 4| https://doi.org/10.1038/s41598-025-02569-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
Our previous study revealed that canine tumor cells with low proteasome activity possess CSC-like properties. 
According to another research, tumor cells with low proteasome activity are radio-resistant in human tumor 
cells; however, its mechanism remains unclear in both human and canine tumor cells31–33 The findings of this 
study unveiled the mechanism of radio-resistance in canine tumor cells with low proteasome activity.

After X-irradiation, the ratio of the survived ZsG+ cells increased in adherent cells in a dose-dependent 
manner, indicating that ZsG+ cells are radio-resistant. In addition, the actual radio-resistance was evaluated 
using clonogenic survival assay in ZsG− and ZsG+ cells. In this assay, ZsG+ cells showed higher radio-resistance 
than ZsG− cells. Since the clonogenic survival assay is the gold standard for measuring tumor cell radiosensitivity, 
these results further support the radio-resistance of ZsG+ cells.34 The increased ratio of the survived ZsG+ 
cells and their radio-resistance were consistent with the results of previous reports of human cancers, such as 
osteosarcoma, squamous cell carcinoma, prostate cancer, and colorectal cancer, in which tumor cells with CSC 
phenotype exhibited radio-resistance31–33,35,36.

In the present study, ZsG+ cells exhibited a small number of 53BP1 foci per nucleus than ZsG− cells after 0.5–
1 h of X-irradiation. The accumulation of 53BP1 in the nucleus is associated with DSB because of the activation 
of RNF8–RNF168-mediated ubiquitylation cascade, which acts downstream of γH2AX, an indicator of DSB12,37 

Fig. 3.  ROS accumulation after X-irradiation and GSH contents in ZsG+ cells. (A) Flow cytometric analysis of 
ROS accumulation in ZsG− and ZsG+ cells after 0–5 Gy of X-irradiation. (B) Comparative analysis using the 
results of ROS accumulation normalized to the CellROX fluorescence of ZsG− cells in HMPOS–ZsG without 
X-irradiation. (C) Relative GSH contents of ZsG− and ZsG+ cells at 6–12 h of incubation after cell sorting 
were determined in HMPOS–ZsG and MegTCC–ZsG. Error bars correspond to the standard deviation of the 
mean of three independent experiments. Gray circles indicate the value from an individual biological replicate. 
Tukey’s multiple comparison test was used for statistical analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. ROS, 
reactive oxygen species; GSH, glutathione.
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Fig. 4.  Effect of sulfasalazine on the radio-resistance of ZsG+ cells. (A) Radiation survival curves showing 
radiosensitizing effects of 1,000 µM sulfasalazine. (B) Change in DSB levels due to X-irradiation after 
incubation with 1,000 µM sulfasalazine in ZsG− and ZsG+ cells. (C) Comparison of X-irradiation–induced 
DSB levels between ZsG− and ZsG+ cells after incubation with 1,000 µM sulfasalazine. Error bars correspond to 
the standard deviation of the mean from three independent experiments. Tukey’s multiple comparison test was 
used for statistical analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. DSB, DNA double-strand break.
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Thus, the results of this study show a low level of initial DNA damage in ZsG+ cells, which is consistent with 
the results of previous studies showing low foci formation of 53BP1 in CSCs after radiation therapy12,30 A low 
level of initial DNA damage was observed in radio-resistant human squamous cell carcinoma cells,38 and the 
radiosensitivity was correlated with initial DNA damage rather than residual DNA damage in 11 cell lines39 
This could be due to the high GSH contents and low ROS accumulation38,40 Additionally, early responsive DNA 
repair such as nonhomologous end-joining (NHEJ) might be associated with the small number of 53BP1 foci in 
ZsG+ cells because most initial DSBs caused by radiation are repaired via the NHEJ process with a short half-life 
of 5–30 min41,42 Future studies on the DNA repair system of ZsG+ cells are needed to support this notion.

In the present study, ZsG+ cells exhibited lower accumulation of cellular ROS than ZsG− cells after exposure 
to X-irradiation in HMPOS–ZsG and MegTCC–ZsG. Mildly upregulated ROS levels in tumor cells contribute 
to tumor proliferation, survival, oncogene expression, and antitumor gene suppression by modulating several 

Fig. 5.  Effect of sulfasalazine on ROS accumulation after X-irradiation and GSH contents in ZsG+ cells. (A) 
Accumulation of intracellular ROS after X-irradiation (RT) with 1,000 µM sulfasalazine (Sulfa) or without 
sulfasalazine (Con) in ZsG− and ZsG+ cells. (B) GSH contents of ZsG− and ZsG+ cells after treatment with 
different concentrations of sulfasalazine. Error bars correspond to the standard deviation of the mean from 
three independent experiments. Gray circles indicate the value from an individual biological replicate. Tukey’s 
multiple comparison test was used for statistical analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. ROS, reactive 
oxygen species; GSH, glutathione.
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signaling pathways43 However, excessive ROS accumulation results in DSB and cell death with oxidative cellular 
damage caused by radiation40,44 To prevent this after X-irradiation, CSCs maintain low ROS levels by regulating 
the production and scavenging of ROS through altered GSH expression, increased antioxidant protein levels, and 
activation of ROS-dependent signaling pathways45,46 Therefore, maintaining low ROS levels after X-irradiation 
is associated with the survival and radio-resistance of ZsG+ cells.

Total GSH content was measured in the cells, and ZsG+ cells showed greater GSH content than ZsG− cells. 
According to a previous report, GSH depletion leads to the accumulation of reactive species such as ROS 
and activates apoptotic signaling pathways, resulting in apoptotic cell death47 In human breast cancer cells, 
the reduction in GSH levels induced radiosensitization with increased intracellular ROS levels23 In addition, 
the upregulated GSH level is an important factor for maintaining cancer stemness in CSCs, and inhibition of 
GSH synthesis decreased cancer stem-like properties and viability of CSCs in human pancreatic cancer cells48 
Therefore, these data support the fact that GSH can be a promising target of canine CSCs in radiation therapy.

Subsequently, the effects of sulfasalazine on the radiosensitivity, DSB after X-irradiation, and redox status of 
ZsG+ cells were evaluated. In this study, sulfasalazine enhanced the radiosensitivity of ZsG+ cells and increased 
DSB formation after X-irradiation, particularly amplifying the initial DSB of ZsG+ cells compared to ZsG− cells, 
which resulted in similar initial DSB levels between the two cell types. In addition, sulfasalazine increased the 
accumulation of intracellular ROS after X-irradiation and decreased GSH content in ZsG+ cells. The protein level 
of xCT was high in HMPOS–ZsG cells exhibiting low proteasome activity, such as ZsG+ cells and adherent cells 
treated with MG-132, indicating a relationship between the xCT protein level and proteasome activity. According 
to previous studies, the inhibition of xCT using sulfasalazine suppressed the synthesis of the reductant GSH,23 
and this was associated with the sensitivity of canine tumor cells to oxidative damage caused by ROS such as 
H2O2

49 These effects of sulfasalazine on ZsG+ cells may be caused by the upregulated protein levels of xCT, which 
appear to be associated with the degradation of xCT via the proteasome activity following ubiquitination. This 
degradation is stabilized by forming a tri-protein complex with the CD44 variant and OTUB1, a member of the 
deubiquitinase family, thereby contributing to the protein stability of xCT50 Sulfasalazine also exerts antitumor 
effects on tumor cells expressing CSC markers such as CD133 by increasing their sensitivity to oxidative stress25,51 
The use of sulfasalazine enhances CSC sensitivity to antitumor drugs, reduces CSC population, and improves 
host survival25–27 In light of these studies, the high level of xCT expression in ZsG+ cells due to low proteasome 
activity may have contributed to their radio-resistance by increasing GSH levels, preventing oxidative damage, 
and reducing DSB levels induced by X-irradiation. Sulfasalazine may have suppressed xCT function in ZsG+ 
cells, leading to a decrease in GSH levels. This reduction was more pronounced in ZsG+ cells, bringing GSH 
levels down to those observed in ZsG⁻ cells. These changes may have led to increased post-irradiation ROS 
accumulation and DSB levels in ZsG+, comparable to those in ZsG− cells, thereby reducing the radio-resistance 
of ZsG+ cells. Lastly, the elevated xCT protein level following MG-132 treatment supports our hypothesis that 
high xCT expression in ZsG+ cells is associated with low proteasome activity. This suggests a connection between 
low proteasome activity and the radio-resistance of canine CSCs. Altogether, these findings support the potential 
of xCT as a therapeutic target in CSCs, particularly in the context of radiosensitization.

A potential limitation of the present study is that the ratio of ZsG+ cells decreases with incubation time 
after cell sorting; therefore, incubation time of tumor cells with sulfasalazine was set to 6 and 12 h5.  Thus, we 
could not evaluate a pure population of ZsG+ cells, and experiments following cell sorting should have been 
performed within a limited period. Specific strategies to prevent this phenomenon are needed in future studies. 
Additionally, although our findings suggest a role for GSH in the radio-resistance of CSCs, further investigation 
into GSH metabolic pathways and associated enzymes will be necessary to fully elucidate the contribution of 
GSH metabolism to radio-resistance.

In conclusion, the present study elucidated that the upregulated GSH contents contribute to the radio-
resistance of canine CSCs with low proteasome activity, allowing the cells to tolerate oxidative damage and 
DSB caused by X-irradiation. Furthermore, sulfasalazine causes radiosensitization of canine tumor cells with 
low proteasome activity by altering the redox balance, suggesting that xCT is a promising target for the radio-
resistance of canine CSCs.

Materials and methods
Cell culture conditions
A previous study engineered canine osteosarcoma cell line (HMPOS) and transitional cell carcinoma cell line 
(MegTCC) to express ZsGreen1-cODC for generating HMPOS–ZsG and MegTCC–ZsG. The accumulation of 
ZsGreen1-cODC due to low proteasome activity allowed the visualization of canine CSCs, referred to as ZsG+ 
cells5.  All tumor cells were cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented 
with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 100 units/mL penicillin G, 100  µg/mL 
streptomycin (Wako Pure Chemical Industries, Osaka, Japan), and 10 µg/mL blasticidin (Wako) in a humidified 
incubator at 37 °C and 5% CO2.

Flow cytometry and cell sorting
HMPOS–ZsG and MegTCC–ZsG were washed with phosphate-buffered saline (PBS) and were suspended using 
0.025% trypsin–ethylenediaminetetraacetic acid for subsequent fluorescence-activated cell sorting analysis 
using a FACSVerse flow cytometer (BD Biosciences, San Jose, CA, USA) or FACSAria II flow cytometer (BD 
Biosciences). Based on the fluorescence intensity of ZsG, ZsG− and ZsG+ cells were defined, as described in a 
previous study5.
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Irradiation
Cultured tumor cells were X-irradiated using a Titan 320s X-ray generator (Shimadzu Corporation, Kyoto, 
Japan) at room temperature (dose rate of 4.62 Gy/min, 200 kVp, 20 mA with a 1.5 mm aluminum filter).

Clonogenic survival assay
The sorted ZsG− and ZsG+ cells were plated on 60-mm cell culture dishes and incubated for 6–12 h. Next, the 
cells were X-irradiated, and the cell culture medium was replaced by a fresh medium, forming colonies for 6 or 
7 days at 37 °C and 5% CO2. Methanol fixation and staining were performed using Giemsa solution (Wako), 
and colonies containing > 50 cells were quantified using ImageJ software (National Institutes of Health). Plating 
efficiency was calculated and used to normalize each survival fraction.

Immunofluorescence microscopy
Immunofluorescence microscopy was performed using a modified method described in a previous study30 
Briefly, cancer cells were plated on glass coverslips and incubated overnight in cell culture medium at 37 °C and 
5% CO2. Then, the cells were exposed to 1 Gy of X-irradiation, and each group was incubated for different time 
periods. Next, the cells were fixed using 4% paraformaldehyde (Wako) and permeabilized using PBS containing 
0.5% Triton X-100. After washing with PBS and incubation with blocking buffer, the cells were stained with 
a primary antibody rabbit anti-53BP1 (1:2,000; Abcam Inc., Cambridge, UK) and a secondary antibody goat 
antirabbit Alexa Fluor 555 (1:2,000; Invitrogen, Carlsbad, CA, USA). At the end of the experiment, the cells were 
counterstained with NucBlue (Invitrogen), according to the manufacturer’s instructions, and were mounted with 
ProLong Diamond Antifade Mountant (Invitrogen) for microscopic fluorescence analysis under an Olympus 
BX50 microscope (Olympus, Tokyo, Japan). The number of 53BP1 foci, which appeared as fluorescent dots, was 
estimated.

Detection of reactive oxygen species
The accumulation of ROS was measured using CellROX® Deep Red Reagent (Life Technologies, Carlsbad, CA, 
USA) following the manufacturer’s protocol. Cells were plated on 60-mm cell culture dishes and incubated 
for 3 days at 37 °C and 5% CO2, followed by treatment with 5 Gy of X-irradiation. At 24 h after X-irradiation, 
CellROX® Deep Red Reagent was added to the cells (final concentration, 5 µM), and the cells were incubated 
for 30 min at 37 °C and 5% CO2. Then, the cells were washed three times with PBS and were resuspended for 
analysis using the FACSVerse flow cytometer (BD Biosciences).

Glutathione assay
The GSH content was measured using a GSH-Glo™ Glutathione Assay Kit (Promega, Tokyo, Japan) following the 
manufacturer’s protocol. Briefly, the sorted ZsG− and ZsG+ cells were plated onto 96-white well plates (Greiner 
Bio-One, Frickenhausen, Germany) at a concentration of 5 × 103 cells/well, and the cells were incubated for 
6–12 h at 37 °C and 5% CO2. After removing the culture medium, the cells were incubated with 100 µL of GSH-
Glo™ Reagent for 30 min at room temperature. At 15 min after the addition of 100 µL of reconstituted Luciferin 
Detection Reagent, the luminescence intensity was measured using a microplate reader (Infinite 200, Tecan 
Japan, Kanagawa, Japan). A standard curve was generated to ensure that the luminescence signal was within the 
linear detection range under the experimental conditions. Background luminescence was subtracted from the 
GSH signal, which was then normalized to the values obtained from ZsG⁻ cells.

Statistical analysis
Data are presented as mean ± standard deviation from three independent biological replicates, each performed 
with three technical replicates. Statistical analysis was conducted using IBM SPSS Statistics version 26.0 (IBM). 
The normality of the results was evaluated using the Shapiro–Wilk test. The statistical significance between 
groups was determined using one-way analysis of variance, followed by Tukey’s multiple comparison test. A p-
value of < 0.05 (*p), 0.01 (**p) or 0.001 (***p) was considered statistically significant.

Data availability
Data is provided within the manuscript or supplementary information files.The datasets generated for this study 
can be found in the https://doi.org/10.6084/m9.figshare.19594354.
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