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Abstract: Autophagy and senescence play important roles in cellular homeostasis. However, it remains unknown whether 
autophagy positively or negatively affects cellular senescence. We cultured human keratinocytes (HaCaT) with or without 
etoposide (ETO) treatment to examine whether autophagy mediates induction of DNA damage response (DDR)-related cel-
lular senescence. DDR-related cellular senescence was observed in 5.0-μM ETO-treated cells through increased expression 
of γH2AX, p53 binding protein1 (53BP1), and senescence-associated β-galactosidase (SA-β-Gal), whereas no senescent 
changes were observed in 1.0-μM ETO-treated cells. Senescent cells also showed increased expression of activated ataxia–
telangiectasia mutated (ATM) signaling pathway-related factor, such as pATM, pp53, and p21. The 5.0-μM ETO-treated se-
nescent cells showed downregulated expression of LC3 and Beclin-1, but expression of Rubicon, which is a negative regu-
lator of autophagy, was upregulated even though no senescent-induced cells (1.0-μM treated cells) revealed increased 
expression of LC3 and Beclin-1. The 1.0-μM ETO-treated cells pretreated with N-acetylcysteine (NAC) showed increased 
expression of senescent markers and p21 as well as Rubicon. This study revealed that Rubicon-regulated autophagy medi-
ates ETO-induced DDR-related cellular senescence through the activation of the ATM/p53/p21 signaling pathway. Impaired 
autophagy due to Rubicon overexpression accelerates induction of DDR-related cellular senescence.
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Introduction
Cellular senescence is the process from embryonic development to 

aging. Several types of normal and tumor cells undergo cellular senes-
cence after exposure to H2O2, radiation, or DNA-damaging agents1-3). 
DNA damage may lead to genomic instabilities, which is one of the key 
factors that induce cellular senescence4). DNA damage response (DDR) 
occurs to maintain cellular homeostasis when DNA is damaged. Fur-
thermore, DDR seems to play an essential role in the outcome of senes-
cence, called DDR-related cellular senescence, by disfavoring the apop-
tosis response5).

Senescent cells cannot divide even if stimulated by mitogens. How-
ever, they remain metabolically and synthetically active but show char-
acteristic changes in morphology such as an enlarged and flattened cell 
shape and increased granularity6). The most widely used assay for senes-
cence is the histochemical and cytochemical detection of β-galactosi-
dase activity at a pH of 6.0, which is known as senescence-associated 
β-galactosidase (SA-β-Gal). This activity is based on the increased lyso-
somal content of senescent cells, which enables the detection of lysoso-
mal β-Gal at a suboptimal pH (pH 6.0)7, 8). Other canonical senescence 
markers comprise the common mediators of DDR-related senescence, 
including ataxia–telangiectasia mutated (ATM), p53, and p21, which are 
members of the DDR-activated ATM signaling pathway6). Foci of het-
erochromatin is also a feature of senescent cells induced by DDR and 

are detected by γH2AX and p53 binding protein 1 (53BP1) 9, 10).
Macroautophagy (autophagy) is an evolutionarily conserved intra-

cellular degradation process wherein cytosolic materials, including dam-
aged organelles and toxic protein aggregates, are sequestered in special-
ized double membrane-bound autophagosomes11, 12). By guiding the 
degradation of a wide range of targets, autophagy maintains cellular ho-
meostasis and allows adaptation to stress; dysregulation of autophagy 
has been implicated in many human diseases, including cancer, neuro-
degeneration, and metabolic disorders13, 14). Autophagy and senescence 
share several common characteristics, suggesting that these processes 
maintain cellular homeostasis and could serve similar ends in the 
cell13, 15). However, it remains unknown whether autophagy positively or 
negatively affects cellular senescence. Some groups have suggested that 
accelerated autophagy may induce cellular senescence16-18), whereas oth-
ers proposed an association between autophagy impairment and the in-
duction of senescence19, 20). 

Etoposide (ETO), a DNA-damaging agent, is frequently used as ad-
juvant chemotherapy for a variety of human malignant tumors. ETO is a 
topoisomerase II inhibitor that induces DNA double-strand breaks 
(DSBs), resulting in the induction of DDR21) and subsequent cellular se-
nescence22). This study aimed to elucidate whether autophagy mediates 
the induction of DDR-related cellular senescence in ETO-treated human 
keratinocytes (HaCaT cells) and whether autophagy impairment can ac-
celerate cellular senescence.Correspondence to: Dr. Jun Ohno, 2-15-1 Tamura, Sawara-ku, Fukuoka, 

Fukuoka 8140193, Japan; Tel: +81928010411 (Ext 1684); Fax: +81928014909; 
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Materials and Methods
Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from 
Fujifilm WakoPure Chemical Co., (Osaka, Japan). Fetal bovine serum 
(FBS) was purchased from HyClone Laboratories Inc. (South Logan, 
UT, USA). N-acetylcysteine (NAC) and Hoechst 33324 nucleic acid 
stain were purchased from Sigma-Aldrich Corporation (St. Louis, MO, 
USA). SpiDER-γGal Kit was obtained from Dojindo (Kumamoto, Ja-
pan). Precision Plus Protein Western C Standard, 4%–20% and 12% 
Mini-PROTEAN® TGXTM Precast Gels, and Trans-Blot Transfer Packs 
were obtained from Bio-Rad Laboratories (Hercules, CA, USA). Sinal-
Fire Plus ECL Reagent was purchased from Cell Signaling Technology 
(Danvers, MA, USA). Anti-LC3, anti-Beclin-1, and anti-Rubicon were 
purchased from MBL (Tokyo, Japan). Anti-ATM, pATM (Ser 1981), an-
ti-p53, anti-pp53 (Ser33), and anti-p21Waf1/Cip1(p21) were purchased 
from Cell Signaling Technology (Danvers, MA, USA). Anti-γH2AX 
were obtained from Dojindo. Anti-β-actin (ACTB) and horseradish per-
oxidase-conjugated anti-mouse and anti-rabbit secondary antibodies 
were obtained from Bio-Rad Laboratories. Anti-mouse or anti-rabbit 
IgG (H+L) secondary antibody-Alexa Fluor Plus 568 was obtained from 
Thermo Fisher Scientific (Waltham, MA, USA). 

Cell culture 
HaCaT cells were maintained in DMEM supplemented with 10% (v/

v) FBS and 1× anti-anti solution at 37ºC in a humidified incubator with 
5% CO2. For ETO stimulation, HaCaT cells at approximately 80% con-
fluence were exposed to ETO at different concentrations (1.0, 5.0, 10, 
and 25 μM) for 24 h. Other cells were pretreated with NAC, which is an 
autophagy inhibito23, 24), before treatment with ETO. 

Cell viability test
To determine cell viability against ETO stimulation, HaCaT cells 

treated or untreated with ETO for 24 h were washed with phos-
phate-buffered saline (PBS), harvested from the dishes via trypsiniza-
tion, resuspended in PBS, and diluted in 0.4% trypan blue solution in a 
1:1 ratio. The percentage of viable cells was calculated using a Countess 
Automated Cell Counter (Invitrogen) following the manufacturer’s in-
structions.

Senescence-associated β-galactosidase (SA-β-Gal) staining
SA-β-Gal staining of HaCaT cells was performed using a Cellular 

Senescence Detection Kit-SPiDER-γGal (Dojindo) according to the 
manufacturer’s instructions. Using the WinROOF (MITANI Corp., To-
kyo, Japan) image analysis software, positive and negative cells were 
automatically counted, and the percentage (%) of positive cells was cal-
culated.

Immunocytochemical analysis
Cultured HaCaT cells were placed on glass slides and fixed in cold 

methanol. The cells were incubated with primary antibodies (γHA2X, 
phosphorylated ATM [pATM], phosphorylated p53 [pp53], p21, LC3, 
Beclin-1, and Rubicon, 1:100) at 4ºC overnight. After washing with 
PBS, the cells were incubated with anti-rabbit or anti-mouse IgG conju-
gated with Alexa Fluor 568 at room temperature for 45 min. To visualize 
nuclei, cells were counterstained with Hoechst 33342. The stained cells 
were mounted with ProLong Gold Antifade Mountant and viewed under 
a light microscope (Keyence Corporation of America, Elmwood Park, 
NJ, USA). Using the WinROOF image analysis software, positive and 
negative cells or nuclei were automatically counted, and the percentage 

(%) of positive cells or nuclei was calculated.

Western blot analysis
HaCaT cells were lysed in a cell lysis buffer containing 1x protease/

phosphatase inhibitor cocktail. Protein concentrations were measured 
with the Pierce BCA Protein Assay Kit. Equal amounts (15 μg) of pro-
tein along with a protein marker were separated on Mini-PROTEAN 
TGX Precast Gels for 30 min at 200 V. The Trans-Blot Turbo Transfer 
System (Bio-Rad Laboratories) was used to transfer the separated pro-
teins to a polyvinylidene fluoride membrane. Western blots were pro-
cessed using iBind Western System (Life Technologies, Carlsbad, CA, 
USA) with primary antibodies (× 1,000) and goat anti-mouse or an-
ti-rabbit IgG (H+L)-HRP conjugate (× 1,000) as secondary antibodies. 
ACTB antibody (× 1,500: VMA00048, Bio-Rad Laboratories, Hercules, 
CA, USA) was used as a loading control. An enhanced chemilumines-
cence system (SignalFire Plus ECL Reagent; Cell Signaling Technolo-
gy) was used to develop the protein bands. The protein levels were 
quantified by densitometry using an ImageQuant LAS 4000 bimolecular 
imager (GE Healthcare, Uppsala, Sweden). Band densities were present-
ed as fold-increases of the expression levels of primary antibodies (nor-
malized to ACTB) and compared with the results of control. Quantifica-
tion results were shown below the corresponding blots. The densitometry 
data were from a representative of three independent experiments.

Statistical analysis
Statistical analyses were performed using EZR (Saitama Medical 

Center, Jichi Medical University, Saitama, Japan), which is a graphical 
user interface for R (The R Foundation for Statistical Computing, Vien-
na, Austria). Analyses were performed using one-way analysis of vari-
ance with Bonferroni’s multiple comparisons test or Student’s t-test to 
determine statistical differences among the samples. Data are presented 
as mean ± standard deviation (SD). and a p-value < 0.05 was considered 
statistically significant.

Results
ETO treatment elicited DNA damage in HaCaT cells

ETO is a potent inducer of DSBs in DNA25). We first examined the 
effects of ETO on the viability of HaCaT cells. Cell viability was inhib-
ited by ETO (0–25 μM) in a dose-dependent manner. Trypan blue dye 
exclusion showed no significant differences between doses up to 5.0 μM 
ETO when compared with the control (Fig. 1A).

Meanwhile, cell viability was significantly decreased in cells treated 
with 10 and 25 μM of ETO. From these results, we selected concentra-
tions of 1.0 and 5.0 μM ETO for further experiments.

Papanicolaou (Pap) staining was applied to elucidate the morpholog-
ical changes in the nuclei of cells treated with ETO. Cells stained with 
Pap were polygonal with high nuclear–to–cytoplasm ratios and indis-
tinct cell borders. Additionally, they had round to oval nuclei. Cells 
without ETO treatment showed fine chromatin in nuclei (Fig. 1B). 
Meanwhile, in cells treated with ETO, nuclear chromatin became coarse 
and clumped. Although some cells treated with 1.0 μM of ETO showed 
nuclear chromatin clumping, marked chromatin clumping was observed 
in most cells treated with 5.0 μM of ETO. These results indicate that 
chromatin clumping implies the occurrence of DSB-related DNA dam-
age in cells treated with ETO (Fig. 1C).

We examined the immunocytochemical detection of γH2AX and 
53BP1, known as biomarkers of DDR, in cells treated with 1.0 and 5.0 
μM of ETO to elucidate ETO-induced cellular changes. Immunocyto-
chemical analysis revealed that both γH2AX and 53BP1 were expressed 
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in nuclei as foci formation in 1.0- and 5.0-μM ETO-treated cells. The 
percentages of γH2AX-positive cells were significantly different be-
tween the 5.0-μM ETO-treated cells (89.2% ± 2.9%), control cells (2.8% 
± 0.9%; p < 0.01), and 1.0-μM ETO-treated cells (53.4% ± 5.6%; p < 
0.01) (Fig. 1D). Similarly, the percentages of 53 BP1-positive cells were 
significantly greater in 5.0-μM ETO-treated cells (88.7% ± 4.0%) than 
in control cells (10.4% ± 2.2%; p < 0.01) and in 1.0-μM ETO-treated 

cells (74.2% ± 6.2%; p < 0.05) (Fig. 1D). As DNA damage was evaluat-
ed by γH2AX and 53BP1 foci formation, we counted the number of foci 
per cell with or without ETO treatment. The average number of foci per 
cell was greater in 5.0-μM ETO-treated cells (γH2AX, 15.3 ± 4.6/53BP1, 
14.6 ± 5.6) than in control (γH2AX, 0.3 ± 0.4; p < 0.01/53BP1, 2 ± 1.3; p 
< 0.01) and in 1.0-μM ETO-treated cells (γH2AX, 5.2 ± 1.5; p < 
0.01/53BP1,9.3 ± 3.9; p < 0.01) (Fig. 1D). Based on the staining intensi-

Figure 1. Induction of DNA damage response in ETO-treated cells. (A) Cell viability was determined using trypan blue exclusion. The graph 
shows the viability of the cells exposed to different concentrations (0, 1, 5, 10, or 25 μM) of ETO for 24 h. Results are presented as a percentage 
of viable cells. Data represent mean values ± SD of three independent experiments. n.s., not significant. (B) Nuclear changes were examined in 
human keratinocytes with or without ETO treatment using Papanicolaou staining. Scale bars represent 20 μm. (C) Immunofluorescence images 
of γH2AX and 53BP1 staining (red). Nuclei were counterstained with Hoechst 33342 (blue). Scale bars represent 20 μm. (D) Semiquantification 
of the percentage of positive cells or the number of nuclear foci that were stained with γH2AX or 53BP1 using WinROOF image analysis soft-
ware. Data represent the mean ± SD of three independent experiments. *P < 0.05, ** P < 0.01. Ctr, control; ETO, etoposide; 53BP1, p53 binding 
protein1.

Figure 2. ETO-induced cellular senescence in human keratinocytes. (A) Fluorescence images of SA-β-Gal staining (red) using the SPiDER-βGal 
Kit. Nuclei were counterstained with Hoechst33324 (blue) in cells treated with 1.0 and 5.0 μM ETO. Scale bar represents 20 μm. (B) Semiquan-
tification of the percentage of positive cells that were stained with SA-β-Gal using WinROOF image analysis software. Data represent the mean 
± SD of three independent experiments. n.s., not significant. ** P < 0.01. Ctr, control; ETO, etoposide.
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ty of γH2AX and 53BP1, the cellular changes seen with treatment with 
1.0 μM ETO imply a mild phase of DDR. These findings provide evi-
dence that both γH2AX and 53BP1 can form nuclear foci in response to 
ETO-induced DNA DSBs. The increased number of foci in 5.0-μM 
ETO-treated cells indicate that the degree of DDR is more severe than 
that in 1.0-μM ETO-treated cells.

Induction of cellular senescence in HaCaT cells exposed to 5.0 µM of 
ETO

Exposure of cells to ETO can induce cellular senescence22, 26, 27). To 
elucidate whether ETO treatment can induce cellular senescence in Ha-
CaT cells, we examined SA-β-Gal, which is known as a biomarker of 
cellular senescence7, 8), in cells with or without ETO treatment. Fluores-
cence analysis (Fig. 2A) revealed an increase in the percentages of SA-
β-Gal-positive cells in 5.0-μM ETO-treated cells (5.3% ± 2.3% [control] 
and 5.8% ± 1.8% [1.0-μM ETO-treated cells] vs. 83.7% ± 8.9% [5.0-μM 
ETO-treated cells]; p < 0.01) (Fig. 2B). Treatment with 5.0 μM of ETO 
can induce cellular senescence, whereas treatment with 1.0 μM of ETO 
neither resulted in decreased cell viability nor the induction of cellular 
senescence. These findings suggest that severe DDR induced by ETO 
can result in cellular senescence.

ETO-induced cellular senescence is mediated by activation of the 
ATM pathway

Recent studies reported that ATM activation is one of the key regula-
tors of DDR as well as promotes cellular senescence and inhibits apop-
tosis28, 29). Detection of pATM, pp53, and p21 expression was examined 
by immunocytochemical and WB assays. Perinuclear expression of 

pATM was noted in cells treated with ETO (Fig. 3A). The percentages 
of pATM-positive cells were significantly different between the 5.0-μM 
ETO-treated cells (90.0% ± 7.4%), controls (20.8% ± 2.4%; p < 0.01), 
and 1.0-μM ETO-treated cells (47.6% ± 4.2%, p < 0.01) (Fig. 3B). WB 
analysis showed that the expression levels of pATM were upregulated in 
5.0-μM ETO-treated cells as compared to those in controls and in 1.0-
μM ETO-treated cells (Fig. 3C). Furthermore, we examined changes in 
the expression levels of downstream signaling of ATM, such as pp53 
and p21. In pp53 and p21 staining, the positive reaction was localized in 
the nuclei of cells treated with 1.0 and 5.0 μM of ETO (Fig. 3A). The 
percentage of pp53-positive cells was significantly higher in 5.0-μM 
ETO-treated cells (84.7% ± 10.0%) than in controls (2.9% ± 1.7%; p < 
0.01) and in 1.0-μM ETO-treated cells (14.3 ± 3.3%; p < 0.01) (Fig. 
3C). In p21 staining, the percentage of p21-positive cells was the high-
est in 5.0-μM ETO-treated cells (91.1% ± 7.9%) than in controls (2.1% 
± 0.9; p < 0.01) and in 1.0-μM ETO-treated cells (9.7% ± 3.5%; p < 
0.01) (Fig. 3B). The results of WB analysis showed that the expression 
levels of both pp53 and p21 were remarkably increased in 5.0-μM 
ETO-treated cells as compared to the control and in 1.0-μM ETO-treat-
ed cells (Fig. 3C). These results revealed that senescence-induced 5.0-
μM ETO-treated cells showed increased expression of pATM, pp53, and 
p21. As those factors mediate DDR, this suggests that treatment with 5.0 
μM of ETO induces DDR-related cellular senescence in HaCaT cells.

Induction of DDR-related cellular senescence suppresses autophagy 
in ETO-treated senescent cells

To elucidate whether autophagy can regulate the induction of cellu-
lar senescence, we examined the expression of positive and negative 

Figure 3. Activated ATM pathway in ETO-induced cells. (A) Immunofluorescence images of pATM, pp53, and p21 staining (red) in human ke-
ratinocytes treated with 1.0 and 5.0 μM of ETO. Nuclei were counterstained with Hoechst 33342 (blue). Scale bars represent 20 μm. (B) Semi-
quantification of the percentage of positive cells or nuclei that were stained with pATM, pp53, and p21 using WinROOF image analysis software. 
Data represent the mean ± SD of three independent experiments. n.s., not significant. ** P < 0.01. (C) Western blot analysis of pATM, ATM, 
pp53, p53, p21, and ACTB in human keratinocytes treated with 1.0 and 5.0 μM of ETO. Ctr, control; ETO, etoposide; ATM, ataxia–telangiecta-
sia mutated; pATM, phosphorylated ATM; pp53, phosphorylated p53; ACTB, β-actin.
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Figure 5. Autophagy inhibition enhances DNA damage response-related cellular senescence. (A) Immunofluorescence images of SA-β-Gal, p21, 
LC3, and Rubicon staining (red) in 1.0-µM ETO-treated cells with or without NAC pretreatment. Nuclei were counterstained with Hoechst 
33342 (blue). Scale bars represent 20 μm. (B) Semiquantification of the percentage of positive cells or nuclei that were stained with SA-β-Gal, 
p21, LC3, and Rubicon using WinROOF image analysis software. Data represent the mean ± SD of three independent experiments. n.s., not sig-
nificant. ** P < 0.01. (C) Western blot analysis of SA-β-Gal, p21, LC3, Rubicon, and ACTB. NAC, N-acetylcysteine; NAC (−), cells pretreated 
without NAC; NAC (+), cells pretreated with NAC; ETO, etoposide; ACTB, β-actin.

Figure 4. Suppression of autophagy in DNA damage response-related cellular senescence. (A) Immunofluorescence images of LC3, Beclin-1, 
and Rubicon staining (red) in human keratinocytes treated with 1.0 and 5.0 μM of ETO. Nuclei were counterstained with Hoechst 33342 (blue). 
Scale bars represent 20μm. (B) Semiquantification of the percentage of positive cells or nuclei that were stained with LC3, Beclin-1, and Rubi-
con using WinROOF image analysis software. Data represent the mean ± SD of three independent experiments. n.s., not significant. ** P < 0.01. 
(C) Western blot analysis of LC3, Beclin-1, Rubicon, and ACTB in human keratinocytes treated with 1.0 and 5.0 μM of ETO. Ctr, control; ETO, 
etoposide; ACTB, β-actin.
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regulators of autophagy in HaCaT cells treated or untreated with ETO. 
We first examined the expression of LC3 and Beclin-1 through immuno-
cytochemical and WB analyses. The conversion of LC3-I to autophago-
some-associated LC3-II was revealed in autophagy-activated cells11, 30). 
Through immunocytochemical approaches, several LC3-II-positive au-
tophagosomes were observed in 1.0-μM ETO-treated cells (91.5% ± 
5.8%) as compared to the control (3.2% ± 1.9%; p < 0.01) and 5.0-μM 
ETO-treated cells (33.3% ± 11.6%; p < 0.01) (Fig. 4A, B). An increased 
percentage of LC3-positive cells correlated with that of Beclin-1 in 1.0-
μM ETO-treated cells (Fig. 4A, B). WB analysis showed increased ex-
pression levels of both LC3-II and Beclin-1 in 1.0-μM ETO-treated cells 
as compared with the control and 5.0-μM ETO-treated cells (Fig. 4C). 
In contrast to LC3 and Beclin-1 expression, cytoplasmic staining with 
Rubicon was predominant in 5.0-μM ETO-treated cells (Fig. 4A). Addi-
tionally, 5.0-μM ETO-treated cells (91.1% ± 3.5%) had a greater per-
centage of Rubicon-positive cells than controls (4.3% ± 3.0%; p < 0.01) 
and 1.0-μM ETO-treated cells (10.9% ± 1.6%; p < 0.01) (Fig. 4B). WB 
analysis revealed that the expression levels of Rubicon were remarkably 
higher in 5.0-μM ETO-treated cells than in controls and in 1.0-μM 
ETO-treated cells (Fig. 4C). Our results indicate that DDR-related se-
nescent cells treated with 5.0 μM of ETO showed increased expression 
of Rubicon but not LC3-II and Beclin-1. These findings suggest that in-
duction of DDR-related senescence may suppress autophagy.

Autophagy suppression enhances DDR-related cellular senescence
To elucidate the role of autophagy in the induction of senescence, 

we examined whether inhibition of autophagy by NAC can induce cel-
lular senescence in 1.0-μM ETO-treated cells. After pretreatment with 
NAC, the percentages of both SA-β-Gal- (82.0% ± 5.3%) and p21-posi-
tive (88.3% ± 4.3%) cells increased in 1.0-μM ETO-treated cells [NAC 
(+)] as compared with cells without NAC pretreatment [NAC (−)] (SA-
β-Gal, 17.4% ± 3.7%; p < 0.01: p21, 12.0% ± 3.1%; p < 0.01) (Fig. 5A, 
B). Results of the WB analysis of expression levels of p21 supported the 
immunocytochemical findings (Fig. 5C). For autophagy regulators, 
NAC pretreatment decreased the number of LC3-II-positive autophago-
somes in NAC (−) cells (89.5% ± 3.5% vs. NAC (+) 29.3% ± 6.5%; p < 
0.01] (Fig. 5A, B). Meanwhile, the WB results showed upregulated ex-
pression levels of LC3-II in NAC (−) cells as compared with NAC (+) 
cells (Fig. 5C). Additionally, Rubicon expression was upregulated in 
NAC (+) cells (Fig. 5A–C). The percentage of Rubicon-positive cells 
was significantly higher in NAC (+) cells (86.9% ± 5.4%) than in NAC 
(−) cells (9.0% ± 2.4%; p < 0.01) (Fig. 5B). WB analysis revealed that 
the expression levels of Rubicon were enhanced in NAC (+) cells as 
compared with NAC (−) cells. These findings suggest that autophagy 
suppression due to increased Rubicon expression may induce DDR-re-
lated senescence.

Discussion
It was reported that autophagy can regulate cellular senes-

cence13-15, 31, 32). This study provided three lines of supportive evidence 
concerning the effects of autophagy on the induction of DDR-related 
cellular senescence in ETO-treated HaCaT cells. First, ETO treatment 
induces DDR-related cellular senescence via the activation of the ATM 
signaling pathway. Second, induction of DDR-related cellular senes-
cence attenuates autophagy in association with the upregulation of Ru-
bicon expression. Third, suppression of autophagy by NAC can acceler-
ate cellular senescence.

The present study revealed that ETO treatment induces DDR-related 

cellular senescence in HaCaT cells. ETO acts on topoisomerase II, 
which is an enzyme involved in adduction within the double helix, re-
sulting in DSBs and DNA damage27). The Pap staining results imply that 
chromatin alteration, which is a morphological feature of DNA dam-
age25, 33, 34), is caused by ETO treatment. Nuclear chromatin clumping 
was more frequent in 5.0-μM ETO-treated cells than in 1.0-μM 
ETO-treated cells and may reflect DSB-leading genomic instabilities in 
ETO-treated cells. The genomic instabilities in the treated cells were 
represented by the increased number of nuclear foci stained with both 
γH2AX and 53BP1. In the DDR pathway, histone H2AX receives a 
phosphorylation switch from Tyr142 (H2AX-pY142) to pSer139 
(γH2AX)35, 36). γH2AX is the first step in recruiting and localizing DNA 
repair proteins. 53BP1, which is a protein that was proposed to function 
as a transcriptional coactivator of the p53 tumor suppressor, is activated 
early in DDR to repair DSBs37). As nuclear foci stained with both 
γH2AX and 53BP1 localized at sites of DSBs37), this showed that DNA 
damage was more severe in 5.0-μM ETO-treated cells than in 1.0-µM 
ETO-treated cells, suggesting that 1.0 μM of ETO induces only mild 
DDR, resulting in less nuclear chromatin clumping. In this study, an in-
creased percentage of SA-β-Gal-positive cells was observed in 5.0-μM 
ETO-treated cells as compared with 1.0-μM ETO-treated cells. The 
most widely used biomarker for senescent and aging cells is SA-β-Gal, 
which is an abundant lysosomal enzyme with an optimal pH of 4 in 
young or immortal cells; enzyme activity is activated at a pH of 6 in se-
nescent cells. Therefore, SA-β-Gal expression is highly correlated with 
cellular senescence in cultured cells7, 8). These findings suggest that 5.0-
μM ETO-induced DDR may subsequently induce cellular senescence in 
HaCaT cells.

In this study, enhanced expression of pATM, pp53, and p21 was ob-
served in senescent cells treated with 5.0 μM ETO, indicating that the 
activated ATM pathway contributed to DDR-related senescence. ATM, 
which is known as a stress sensor, was identified as a central player in 
the DDR pathway38). ATM bound to DSBs undergoes autophosphoryla-
tion and activation into pATM, which facilitates the p53/p21 axis by 
phosphorylating both p53 and its ubiquitin ligase Murine double minute 
2, leading to the stabilization of p53 levels39). Studies reported that acti-
vated ATM can finely tune the balance between senescence and apopto-
sis29, 40). Upon cellular stimulation, p53 regulates the expression of target 
genes involved in cell cycle arrest, DNA repair, senescence, and apopto-
sis41) and plays a critical role in the maintenance of genomic integrity 
through its role in DDR42). Loss of p53 function directly and indirectly 
promotes chromosomal instability, including induction of senescence or 
apoptosis of cells43). After induction of DDR and following activation of 
p53 (pp53) by pATM, expression of p21, which is a pleiotropic inhibitor 
of cyclin/cyclin-dependent kinase complex that mediates cell cycle pro-
gression, is upregulated44). One of the most widely studied pathways in-
volved in the regulation of cellular senescence is the p53/p21 path-
way45, 46). In our study, senescent cells induced by treatment with 5.0 µM 
of ETO showed upregulated expression of both pp53 and p21, indicating 
transcriptional activation of p21 via pATM and pp53. These findings 
suggest that induction and initiation of DDR-related cellular senescence 
may be mediated by the activated ATM/p53/p21 signaling pathway.

Although senescence and autophagy play important roles in homeo-
stasis, interrelation between both processes is considered a double-edged 
sword. Several studies suggest that autophagy promotes senescence, 
whereas other reports showed that autophagy prevents senescence4, 16-18, 20). 
In this study, we revealed that expression of both LC3 and Beclin-1 
were decreased in DDR-related senescent cells. These results provide 
evidence that induction and initiation of DDR-related cellular senes-
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cence suppresses autophagy and is supported by the increased expres-
sion of Rubicon, which is a negative regulator of autophagy, in 5.0-μM 
ETO-treated senescent cells. In autophagy, class III phosphatidylinosi-
tol-3-kinase (PI3KC3), which consists of three core components (Vps34, 
p150, Beclin-1), plays an important role in autophagosome biogenesis 
by catalyzing the formation of phosphatidylinositol-3-phosphate47). Ru-
bicon directly binds with PI3KC3-related components and suppresses 
their function, resulting in inhibition of autophagosome–lysosome fu-
sion processes48). However, overexpression of Rubicon leads to auto-
phagy impairment in senescent cells. In contrast, 1.0-μM ETO-treated 
nonsenescent cells showed neither downregulated expression of LC3 
and Beclin-1 nor increased expression of Rubicon. These findings sug-
gest that Rubicon-regulated autophagy impairment may be required for 
the induction and initiation of DDR-related cellular senescence depend-
ing on the degree and/or severity of DDR. 

Pharmacological inhibition of autophagy accelerates DDR-related 
cellular senescence in 1.0-μM ETO-treated cells, which showed less ex-
pression of senescent markers. NAC pretreatment led to increased ex-
pression of both SA-β-Gal and p21 in addition to decreased expression 
of positive regulators of autophagy (LC3 and Beclin-1). Increased ex-
pression of Rubicon was also observed in NAC (+) 1.0-μM ETO-treated 
cells. These results suggest that autophagy may inhibit induction of 
DDR-related cellular senescence in ETO-treated cells with mild DDR, 
and that autophagic protection from cellular senescence may be regulat-
ed by Rubicon expression. This speculation supports the results of re-
cent studies indicating that impaired autophagy via Rubicon overexpres-
sion enhanced cellular senescence19, 20). Together, our findings suggest 
that autophagy may be protective against DDR-related cellular senes-
cence.

We should acknowledge possible limitations to this study, especially 
the lack of direct evidence of how Rubicon expression is increased to 
suppress autophagy. Although recent studies showed that Rubicon levels 
were at least altered by several lifespan-extending conditions in worm 
and mouse tissues, mechanisms that increase Rubicon levels during se-
nescence remain unclear. This paper also lacks evidence of how Rubi-
con-induced autophagy impairment enhances activation of the ATM/
p53/p21 signaling pathway, although studies reported a connection be-
tween DDR and autophagy28, 49, 50). Further studies are warranted to ex-
amine the roles of autophagy in association with Rubicon in the induc-
tion and initiation of DDR-related cellular senescence. 

In conclusion, this study revealed that autophagy mediates ETO-in-
duced DDR-related cellular senescence through the activation of the 
ATM/p53/p21 signaling pathway. Induction of DDR-related cellular se-
nescence is enhanced by autophagy impairment in association with Ru-
bicon overexpression.
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