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PUBLISHER’S NOTE

Publisher’'s Note: Temporally distinct roles of ATM and ROS
in genotoxic-stress-dependent induction and maintenance
of cellular senescence

Raji R. Nair, Meisam Bagheri and Deepak Kumar Saini

There is an error in J. Cell Sci. (2015) 128, 342-353 (d0i:10.1242/jcs.159517).
An issue with cell images in Fig. 1C (BrdU treated) and Fig. 2B (100 uM) was raised on PubPeer. These two panels show the same field
of cells but in different orientations. The authors state that these cells were selected as results show the same experimental conditions

(100 uM BrdU treatment) and they chose to highlight a different cell in each case.

An alternative cell for these conditions is shown in the new Fig. 2B here.
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Fig. 2B. Activation of the DDR pathway is directly proportional to the amount of DNA damage. For all experiments, HelLa cells were treated with the
indicated dose of BrdU for 48 to 96 h and analyzed. (B) 53BP foci formation assay. HelLa cells expressing 53BP 1-GFP were imaged after 48 h of treatment as
described in Fig. 1C. For quantification, the number of punctae presentin each cell were counted and the cells were grouped into three categories, less than 5 foci,
5-10 foci and more than 10 foci per cell. On average 100 cells from each experiment were counted (n=23). Scale bars: 40 pm.

The journal is publishing this note to alert readers to the duplication, which does not impact the conclusions of the paper. The authors
apologise for any inconvenience caused.
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Temporally distinct roles of ATM and ROS in genotoxic-stress-
dependent induction and maintenance of cellular senescence

Raji R. Nair, Meisam Bagheri and Deepak Kumar Saini*

ABSTRACT

Cells exposed to genotoxic stress induce cellular senescence
through a DNA damage response (DDR) pathway regulated by ATM
kinase and reactive oxygen species (ROS). Here, we show that the
regulatory roles for ATM kinase and ROS differ during induction and
maintenance of cellular senescence. Cells treated with different
genotoxic agents were analyzed using specific pathway markers
and inhibitors to determine that ATM kinase activation is directly
proportional to the dose of the genotoxic stress and that
senescence initiation is not dependent on ROS or the p53 status
of cells. Cells in which ROS was quenched still activated ATM and
initiated the DDR when insulted, and progressed normally to
senescence. By contrast, maintenance of a viable senescent
state required the presence of ROS as well as activated ATM.
Inhibition or removal of either of the components caused cell death
in senescent cells, through a deregulated ATM—ROS axis. Overall,
our work demonstrates existence of an intricate temporal hierarchy
between genotoxic stress, DDR and ROS in cellular senescence.
Our model reports the existence of different stages of cellular
senescence with distinct regulatory networks.

KEY WORDS: Cellular senescence, DNA damage response,
Reactive oxygen species, ATM kinase

INTRODUCTION

Cellular senescence is an irreversible state of cell cycle arrest,
during which the cells do not divide, yet remain viable. Various
studies, some of which were done way back in 1965 (Hayflick,
1965), have proposed that cellular senescence is equivalent to
organismal aging (Chen et al., 2007; Jeyapalan and Sedivy, 2008;
Schneider and Mitsui, 1976). In addition, many recent studies
show that cellular senescence is one of the outcomes of the cell
fate decision process, where a cell halts the cell cycle if the
accumulated genomic errors cannot be repaired, and it would be
detrimental if such errors were left unrepaired. In a normal cell,
the accumulation of DNA damage can also trigger activation of
oncogenes or deactivation of tumor suppressor genes, which can
initiate carcinogenesis or cell death response might be initiated,
though only the latter can be true for cancer cells (Surova and
Zhivotovsky, 2013). Given that both outcomes, death and
carcinogenesis, are harmful, to maintain cellular viability the
senescence growth arrest program can also be initiated through a
cell fate decision process that is not very well characterized. This
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pro-survival choice makes cellular senescence a protective process,
where cell viability is maintained in face of the deleterious effects
of'accumulated DNA damage that could either lead to cell death or
formation of cancers if left unchecked. However, as the organism
gets older, there is a concomitant increase in number of these
damaged and senescent cells, which leads to the accumulation of
pro-inflammatory and pro-proliferative molecules, which are
secreted by these cells, thereby generating a prime niche for
cancer formation and making senescence a harmful process.
The net summation of these outcomes makes senescence
antagonistically pleiotropic, where it is protective in a cell
autonomous manner and deleterious in non-autonomous manner
(Coppé et al., 2010; Freund et al., 2010; Itahana et al., 2007).

The existing evidence suggests that the senescence condition of
cells depends on their ability to maintain a persistent DNA
damage state without inducing death or repair (d’Adda di
Fagagna, 2008). This assumption is also supported through a
number of models used for inducing cellular senescence in
cultured cells. The models include: replicative exhaustion of
primary mortal cell lines, which causes replicative senescence
(Aliouat-Denis et al., 2005; Hayflick, 1965); exposure of cells to
genotoxic stress such as v rays, H,O, etc, causing stress-induced
senescence (Chen and Ames, 1994; Duan et al., 2005); and by
hyperactivating oncogenes in cells, which causes oncogene-
induced senescence (Serrano et al., 1997). Whereas genotoxic
stress leads to direct DNA damage, in oncogene activation and
replicative exhaustion the DNA damage occurs through
accumulation of errors during DNA replication and telomere
shortening during every cell division (Chen et al., 2007; Di Micco
et al., 2006; Maicher et al., 2012). Increasing evidence has
implicated a number of molecules as being crucial for regulating
cell fates after DNA damage, which includes ATM kinase, p53
and reactive oxygen species (ROS). It has been shown that
genotoxic agents such as y rays, H,O, etc generate ROS inside
the cells, causing DNA damage (Cooke et al., 2003; Mishra,
2004), which triggers the DNA damage response (DDR),
followed by senescence. This suggests that there is an integral
role for ROS in the cellular senescence program and, consistent
with this idea, elevated ROS levels have also been reported in
cells in which senescence has been induced by replicative
exhaustion or by oncogene activation (Colavitti and Finkel, 2005;
Lee et al., 1999).

In the present study, we show that direct DNA damage activates
the DDR and induces cellular senescence through an ATM-kinase-
mediated pathway that is independent of ROS. However, both
ATM kinase and ROS were found to be crucial for maintenance of
senescence. Our findings hence show that senescence can be
divided into two temporally distinct stages, initiation or early
senescence, and the maintenance stage of senescence. Our findings
about the roles played by ATM and ROS help explain many
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previous reports where disparate observations have been made
because such discrepancies could be due to differences in the
senescence stage in which the experiments were performed and the
methods which were used for senescence generation (Barascu
et al., 2012; Lee et al., 1999; Passos and Von Zglinicki, 2006;
Pospelova et al., 2009; Qu et al., 2014). Overall, the presence of
temporally linked ROS-dependent and -independent events in
cellular senescence are described, which are mediated by ATM
kinase and are independent of p53 protein.

RESULTS

ATM activation and ROS induction in cells exposed to
genotoxic stress

Our initial experiment was performed to evaluate the activation of
ATM kinase and ROS generation in cells exposed to genotoxic
stress in order to identify whether they play a role in stress-mediated
cellular senescence. For this, HeLa cells were treated with 0.1 uM
doxorubicin (Dox) or 100 uM of 5-bromodeoxyuridine (BrdU), a
thymidine analog, which are genotoxic stress agents with different
modes of action. Whereas BrdU gets incorporated in the DNA and
causes DNA damage, Dox affects cells on many levels and its
actions are very diverse (Gewirtz, 1999; Thorn et al., 2011).
Although some studies show that cytotoxic effects of Dox are
mediated through its inhibitory effect on DNA topoisomerase
(Tewey et al., 1984), others suggest that it induces generation of
toxic free radicals (Mizutani et al., 2005; Mukhopadhyay et al.,
2009) or that the mechanism of'its action is still not clear (Sliwinska
et al., 2009). Substantial levels of proliferation arrest and activation
of ATM kinase were detected in cells exposed to BrdU after 48 h,
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as monitored by the presence of phosphorylation of the histone
H2AX protein (YH2AX), a substrate of ATM kinase (Fig. 1A).
Surprisingly, the cells exposed to Dox did not show H2AX
phosphorylation at 48 h (Fig. 1A, lane 3), but the presence of the
DDR in Dox-treated cells was confirmed using an alternative DDR
assay (described below).

After confirming the activation of ATM kinase by genotoxic
stress, the presence of ROS in the treated cells was then evaluated
using a reporter dye, 2',7'-dichlorofluorescein diacetate
(DCFDA), which becomes fluorescent in presence of ROS. In
BrdU- and Dox-treated cells, elevated ROS levels were detected
(Fig. 1B), similar to what has been reported previously (Kang
et al., 2012). In Dox-treated cells, more cell death was recorded
compared to those treated with BrdU, indicating the presence of
higher levels of stress; however, in both the treatments,
proliferation was arrested and cells entered a senescent-like
state (see later). These initial experiments confirmed that
genotoxic stress activates both ATM kinase and ROS
production, which can lead to growth arrest.

Direct DNA damage activates the DDR and ATM kinase

As observed previously and successfully reproduced in our
preliminary experiments, Dox can induce cell cycle arrest by
preventing DNA unwinding by inhibiting DNA topoisomerase II
(Tewey et al, 1984), which affects both replication and
transcription (van Maanen et al., 1988; Yokochi and Robertson,
2004). The same outcome can be obtained when cells are exposed
to ionizing radiation, which activates multiple cellular stress
pathways, including the DDR pathway (Gewirtz, 1999; Kanaar

BrdU treated

Dox treated

Fig. 1. Effect of genotoxic stress on activation of DNA damage response. (A) YH2AX analysis. Total protein from control untreated cells and HelLa cells
treated for 48 h with 100 uM BrdU and 0.1 uM doxorubicin was used for western blotting. The blot was probed with anti-phospho-H2AX and anti-p-actin
antibodies followed by HRP-conjugated anti-rabbit-lgG secondary antibody. A representative blot from three experiments is shown. (B) ROS quantification. HeLa
and A549 cells, were seeded at a density of 10,000 cells per well in a 24-well plate. Cells were treated with 100 uM BrdU or 0.1 uM doxorubicin for 48 h. ROS
levels were estimated as described in the Materials and Methods. Levels are normalized those in control cells set at 1 (mean*s.e.m.; n=5). (C) 53BP foci
formation assay. Hela cells, stably expressing GFP-53BP1 fusion protein were used and treated with 100 uM BrdU, 1 Gy ionizing radiation radiation or 0.1 uM
Doxorubicin for 48 h. The cells were imaged for GFP distribution as described in Materials and Methods. A representative image from three experiments is
shown. Inset, magnified image of one of the cells showing foci. Scale bars: 40 um.
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et al., 1998). Given that multiple signaling pathways are triggered
by Dox and ionizing radiation, including those which can lead to
direct DNA damage, we decided to utilize BrdU as an agent for
activating the DDR (Erol, 2011) and inducing senescence for all
our subsequent studies. This was essential because both Dox and
ionizing radiation are highly toxic (Thorn et al., 2011) and
extremely high levels of ROS were detected upon Dox treatment
(Fig. 1B), which might be responsible for its DNA-damaging
effect (Mizutani et al., 2005; van Maanen et al., 1988), thereby
limiting their use in our experiments (because they would
not permit ROS-independent analysis of senescence). BrdU,
previously explored as an anti-cancer drug, has recently been
shown to induce cellular senescence in proliferating HeLa cells,
similar to that which occurs in replicatively senescent cells (Suzuki
etal., 2001). It is expected that being a nucleotide analog, it will be
directly incorporated into the DNA, thereby affecting replication
and leading to cell cycle arrest. With the experiments described
above, it was confirmed that direct DNA damage induced by BrdU
can induce the DDR, which might lead to growth arrest and
activate pathways leading to cellular senescence.

Given that the primary rationale of using BrdU was that it can
induce DNA damage by direct incorporation into the DNA, the
presence of DNA double-strand breaks (DSBs) in the treated cells
was evaluated by a 53BP1 foci formation assay. GFP-tagged S3BP1
protein (Zgheib et al., 2009) was stably transfected in HeLa cells
and its distribution in response to BrdU treatment was examined.
Distinct ‘punctate like’ foci of 53BP1-GFP were detected within 24
to 48 h of treatment (Fig. 1C), suggesting that BrdU activates the
DDR through introducing DSBs, which then activates ATM kinase
and recruits 53BP1-GFP to the site of damage. To confirm that foci
detected are indeed DSBs, the presence of foci were evaluated in
cells treated with Dox or with 1 Gy ionizing radiation, which is
known to cause DSBs. Distinct 53BP1 foci after these treatments
were also observed (Fig. 1C, lower panels), thereby confirming that
genotoxic effect of BrdU is through formation of DSBs, which
activate ATM kinase (Ditch and Paull, 2012; Guo et al., 2010; Lee
and Paull, 2005). Although induction of the DDR by BrdU
was slower, as it took 24-48 h for 53BP1 foci to be apparent
(supplementary material Fig. S1A), Dox caused more damage and
caused foci formation within 8 h post treatment (supplementary
material Fig. S1A). These findings strengthen the rationale of using
BrdU for all subsequent experiments, as it has a more-specific
mechanism of action than other agents.

ATM activation and cell fate is governed by the dose of the
direct DNA-damaging agent

To establish that senescence is indeed one of the cell fate
decisions in response to direct DNA damage, a dose—response
analysis with BrdU was performed. HeLa cells were treated with
varying concentrations of BrdU for 48 to 96 h and analyzed for
activation of ATM, proliferation differences, and the proportion
of living and dead cells, which are indicators of various cell fates.
It was found that with increasing doses of BrdU, there was a
concomitant increase in ATM activation (Fig. 2A,B), ROS
generation (Fig. 2C) and the percentage of dead cells (Fig. 2D).
Although cells treated with sub-lethal doses of BrdU (0.1-
10 uM) showed the least DDR, they also retained proliferation
capacity and had minimal cell death; a concentration of 50 uM
and above triggered robust DDR pathway responses, ROS
generation, growth arrest and caused more cell death.
Treatment with 100 uM of BrdU led to induction of
senescence, similar to what has been observed previously (Cho
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et al,, 2011), and treatment with a dose of 200 uM led to
extensive cell death (Fig. 2D) accompanied by maximal ROS
generation (Fig. 2C). These experiments established that dose of
the DNA-damaging agent is directly proportional to degree of
DDR pathway activation, the main regulator of various cell fates
under stress conditions.

Cell cycle analysis was then performed to determine the stage
in which BrdU-treated cells arrested. Treated cells were found to
be trapped predominantly in Gl phase (Fig. 2E) and were
prevented from entering the S phase due to replication arrest,
similar to what has been reported previously (Mao et al., 2012).
To confirm that entry into synthesis phase of cell cycle is crucial
for BrdU action, we treated cells that had been starved by
culturing them in DMEM containing only 0.1% serum with BrdU,
and found that senescence induction was not observed, indicating
that the quiescent cells are refractory to BrdU incorporation (data
not shown).

On the basis of the above findings, we decided to treat cells
with 100 uM BrdU for all subsequent experiments to study the
role of various molecules in cellular senescence. Initially the cells
treated with BrdU were validated for their senescent state by
evaluating the presence of an array of senescence-associated
markers. This was essential because there is no single assay
which can establish the senescence phenotype unequivocally
(Itahana et al., 2007; Kuilman et al., 2010; Passos et al., 2009).

Cellular senescence is an outcome of direct DNA damage
To establish that cellular senescence is an outcome of the DDR,
both HeLa and A549 cells were treated with 100 uM BrdU and
evaluated for the presence of markers associated with cellular
senescence. Senescence-associated morphological changes were
detected within 48 h and treated cells showed flatter, enlarged
and granule-rich morphology (Fig. 3A, top panel), similar to the
morphology of replicatively senescent cells reported previously
(Dumont et al, 2000; Hayflick, 1965; Leontieva and
Blagosklonny, 2010). On average, treated cells were three to
four times larger than untreated cells (40-100 um versus 10—
30 um for control cells). Given that HeLa cells show extremely
low or no expression of active p53 protein (Del Nagro et al.,
2014; Matlashewski et al., 1986; Mirzayans et al., 2013), the
effect of BrdU treatment on A549 cells, which expresses wild-
type p53 protein (supplementary material Fig. S1B) was analyzed
(Fig. 3A, bottom panel) so that we could evaluate the role of p53
protein in senescence. As anticipated, p53 expression was not
detected in HeLa cells, but induction of p53 protein was seen in
A549 cells upon BrdU treatment (supplementary material Fig.
S1B). We also validated the changes by treating the cells with
0.1 uM Dox, which has previously been shown to induce cellular
senescence in a variety of cell types, as a positive control
(Sliwinska et al., 2009). Dox treatment induced senescence as
marked by senescence-associated [-galactosidase (SA-P-gal)
positivity (supplementary material Fig. S1C). The cells treated
with BrdU also showed the characteristic reduction in the rate of
proliferation compared to untreated control cells (Fig. 3B),
confirming that the large cells left behind after treatment are
non-dividing but viable. Given that the cells were significantly
larger, they showed a marked increase in the total protein content
(supplementary material Fig. S2A), as well as enhanced
metabolic activity, as estimated using a resazurin reduction
assay (Fig. 3C).

Analysis of the transcriptional changes in treated cells by
quantitative (q)PCR confirmed that cells treated with BrdU
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Fig. 2. Activation of the DDR pathway is directly proportional to the amount of DNA damage. For all experiments, HelLa cells were treated with the
indicated dose of BrdU for 48 to 96 h and analyzed. (A) YH2AX analysis. Phospho-H2AX and B-actin levels were quantified as described in Fig. 1A. (B) 53BP
foci formation assay. Hela cells expressing 53BP1—-GFP were imaged after 48 h of treatment as described in Fig. 1C. For quantification, the number of
punctae present in each cell were counted and the cells were grouped into three categories, less than 5 foci, 5-10 foci and more than 10 foci per cell. On
average 100 cells from each experiment were counted (n=3). Scale bars: 40 um. (C) ROS measurements. Treated HelLa cells were used for ROS estimation
after 48 or 96 h after treatment as described in Fig. 1B. (D) Dead cell quantification. After 96 h of treatment the floating cells (dead) and adherent cells (live) were
collected and counted. The dead cell population is reported as percentage of total cells. (E) Cell cycle analysis. HelLa cells treated with BrdU for 48 h were
processed for cell cycle analysis using propidium iodide as described in Material and Methods section and analyzed by flow cytometry (n=5). Results are

mean*s.e.m. **P=0.01; ***P=0.001; ***P=0.0001 (Student’s t-test).

showed enhanced transcription of p21 (also known as CDKN1A),
fibronectin, Gy11 and IL8, and a reduction in PCNA (Fig. 3D),
all well-established markers for cellular senescence (Coppé et al.,
2008; Kumazaki et al., 1991; Lawless et al., 2010; Roninson,
2002). The senescent state of BrdU-treated cells was also
confirmed by staining for SA-B-gal, the most widely used assay
for cellular senescence (supplementary material Fig. S2B) (Dimri
et al.,, 1995). Furthermore, the levels of two pro-inflammatory
cytokines, IL6 and IL8, in the secretome of treated cells was also
significantly higher compared to untreated cells (Fig. 3E). Next,
using conditioned medium from treated cells, the cell-migration-
inducing property of the senescence-associated secretory
phenotype (SASP) (Krtolica et al., 2001) was tested by
performing an in vitro wound healing assay. The initial
experiments revealed that the secretome was pro-proliferative
(supplementary material Fig. S2C); hence, to mask cell
proliferation, the wound healing experiments were performed
after pre-incubating the injured cells with mitomycin C, which
prevents cell proliferation, or with cytochalasin D, which
prevents both cell migration and proliferation by inhibiting
actin repolymerization. Wound healing was observed in presence
of mitomycin C (supplementary material Fig. S2D), whereas no

wound healing was seen when cells were pre-treated with
cytochalasin D (supplementary material Fig. S2D), suggesting
that SASP of BrdU-induced cells can induce migration
(epithelial-to-mesenchymal transition, EMT) as well as
proliferation, supporting the hypothesis that cellular senescence
has a pro-cancerous effect (Coppé et al., 2010; Krtolica et al.,
2001). Overall, using a number of senescence-associated markers,
we confirmed that BrdU treatment induces cellular senescence,
similar to that which occurs in replicatively senescent cells, at
transcriptome, proteome and physiological levels.

Direct DNA damage initiates cellular senescence through
ATM kinase activation independently of ROS

Once the model was established, we assessed whether ROS and
ATM kinase activation was essential for the onset of senescence,
using direct DNA damage as a trigger. Previously it has been
shown that ROS levels increase during replicative senescence
(Furumoto et al., 1998), oncogene-induced senescence (Lee et al.,
1999), and in chemical- or stress-induced senescence (Chen and
Ames, 1994; Colavitti and Finkel, 2005), similar to what was we
observed here (described above in Fig. 1B and Fig. 2C). It is also
known that generation of ROS by H,0, exposure is sufficient to
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Fig. 3. Characterization of senescence induced by direct DNA damage. (A) Morphological changes in cells treated with BrdU. HeLa cells (top panel) and
A549 cells (bottom panel) were treated with 100 uM BrdU for 48 h and brightfield images were acquired. Left panels, control cells; right panel, BrdU-treated cells.
Scale bars: 100 um. (B) Proliferation rate analysis. Cell counting was performed both before and after BrdU treatment and the average cell number in
normalized to that in untreated cells (set at 100%) to calculate percentage difference in proliferation with respect to control (n=10). (C) Metabolic activity
analysis. Equal numbers (5x10%) of normal and senescent cells were seeded per well in a 96-well black plate and a resazurin-based assay was performed as
described in the Materials and Methods (n=3). The y-axis represents fold change of fluorescence intensity with respect to untreated cells. (D) Changes in gene
expression in BrdU-treated cells. Quantitative RT-PCR analysis to show the change in the expression of p21, fibronectin, Gy11, IL8 and PCNA, in cells
treated with BrdU for 48 h with respect to untreated cells. The experiment was performed as described in Materials and Methods. The values were normalized to
B-actin expression levels and then control cells to calculate fold changes (n>3). (E) Analysis of IL6 and IL8 secretion. HeLa cells were seeded in a 12 well
plate at a density of 20,000 cells per well and treated with BrdU for 48 h. The medium from treated and untreated cells was collected and used for
sandwich ELISA as per manufacturer’s protocol (eBioscience). The cells were counted to obtain cell count and the data are represented as fold change in IL8 or
IL6 (pg/ml) secreted per 10° relative to control cells (n=>5). The conventional representation of secreted amount per ug protein is not used owing to the higher
protein content observed in senescent cells (supplementary material Fig. S2A). Results are mean=*s.e.m. *P=0.05; **P=0.01; ***P=0.001; ****P=0.0001

(Student’s t-test).

generate cellular senescence (Chen et al., 2000). We recorded the
increase in ROS levels 48 h after induction of direct DNA
damage using a plate assay as described above, which was
confirmed further in live adherent cells by microscopy
(supplementary material Fig. S3A). Interestingly, BrdU-treated
cells consistently showed only a marginal increase in the levels of
ROS, which was small compared to changes detected in ROS
levels in cells treated with Dox (Fig. 1B).

To ascertain the role of ROS, we treated cells with BrdU in the
presence of 5 mM N-acetyl L-cysteine (NAC), a ROS quencher
(Aruoma et al., 1989; Zafarullah et al., 2003). Although NAC
quenched ROS in treated cells (Fig. 4A), the senescence was still
activated after 48 h of BrdU treatment, as confirmed by p21
induction (Fig. 4B), SA-B-gal positivity (Fig. 4C) and increased
IL8 secretion (Fig. 4D). Overall, the senescent cells generated in
presence or absence of ROS behaved similarly, indicating that
ROS are dispensable during the induction of cellular senescence.
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Similar observations were made when p53-positive A549 cells
was used in the assays, and although in these cells a significantly
higher induction of ROS was observed (Fig. 1B), it was still
dispensable for the induction of cellular senescence
(supplementary material Fig. S3B,C). This allowed us to
speculate that the increase in ROS levels could be due to the
high metabolic activity of senescent cells and that it might be an
effect of senescence program itself rather than its cause.

Given that ROS was not crucial for senescence induction, we
tested whether the DDR was necessary or whether direct
incorporation of BrdU was sufficient to halt replication and
induce senescence. To block the DDR, ATM kinase activation
inhibitors like Ku55933 (Hickson et al., 2004) and caffeine
(Blasina et al., 1999), were used during the exposure to DNA-
damaging agents. Cells were treated with 10 pM Ku55933 or
2 mM caffeine alongside 100 uM BrdU for 48 h to induce
senescence. The inhibition of ATM activation was confirmed in
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Fig. 4. Effect of ROS quenching during DNA-
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damage-induced senescence initiation.

(A) Effect of NAC on ROS. Hela cells were
treated with 100 uM BrdU, 5 mM NAC alone and
5 mM NAC along with 100 uM BrdU for 48 h. The
levels of ROS were estimated as described in
the Materials and Methods as a ratio of
FITC:DAPI and normalized to the value in control
cells (set at 1). (B) Expression of p21. RT-PCR
analysis was performed as described in Fig. 3D
to analyze change in the expression of p21 in
cells treated with 5 mM NAC along with BrdU.
The values were normalized to GAPDH
expression and then to the control cells to
calculate fold changes (n=3). (C) SA-p-gal
staining of ROS-quenched senescent cells. Cells
were treated with 5 mM NAC, BrdU or with
NAC+BrdU for 48 h before performing SA-B-gal
staining and imaging. Images are shown in gray
% scale. Representative images from three
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treated cells by monitoring the reduction in: (1) YH2AX by
using western blotting (Fig. 5A), (2) 53BP1 foci formation by
using live-cell imaging (Fig. 5B), and (3) phosphorylated ATM
foci by immunofluorescence analysis (Fig. 5C). The treatment
with inhibitors prevented cells from entering cellular
senescence, as detected by lack of morphological changes and
SA-B-gal staining (Fig. 5D). To account for the possible non-
specific effects of the inhibitors, the role of ATM kinase was
also tested by knocking down its expression in HeLa cells using
specific short hairpin RNAs (shRNAs) (supplementary material
Fig. S4A, inset). The stable knockdown cells where ATM
kinase expression was reduced, did not show any growth
defect. When these cells were treated with BrdU for 48 h,
change in cell fate of knockdown cells was accompanied by
activation of cell death in many cells, similar to inhibitor-
treated cells. When the ROS levels were evaluated in either
inhibitor-treated or knockdown cells, they were found to be
elevated, similar to what has been reported previously and as
has been observed in ATM-deficient individuals (Ditch and
Paull, 2012; Guo et al., 2010; Lee and Paull, 2004; Lee and
Paull, 2005), which could explain the observed cell death
(Fig. SE; supplementary material Fig. S4A). These experiments
show that although senescence is unconstrained by ROS, ATM
kinase activation mediated by the DDR 1is an absolute
requirement for senescence initiation.

ATM and ROS are essential for the maintenance of persistent
DDR and cellular senescence

Given that the cell fate decision has already been made in
senescent cells through ATM activation, we then tested whether
the DDR, ATM kinase and ROS play a role in the maintenance
of the senescent state in cells. To this end, cells that were in a

experiments are shown. Scale bars: 100 um.

* ok (D) Analysis of IL8 secretion. Cells were treated

o

NAC

with 5 mM NAC along with BrdU as described
previously. After 48 h, the medium was collected
and IL8 ELISA was performed as described in
Fig. 3E. Results are mean=*s.e.m. *P=0.05;
**P=0.01; ****P=0.0001 (Student’s t-test).

BrdU BrdU +
NAC

senescent state for more than 48 h were tested for both YH2AX
levels (Fig. 6A) and presence of 53BP1 foci (Fig. 6B, top right).
The results confirmed that the DDR and ATM kinase were still
active in these cells. We then tested whether this persistent
DDR, which has been proposed to be crucial for the senescence
program (Rodier et al., 2009), is mediated by the presence of the
DNA-damaging agent BrdU in the damaged lesions in the cells.
Given that it is known that a persistent DDR is triggered when
DNA damage cannot be repaired, we replaced the BrdU-
containing medium in treated cells with fresh medium after 48 h
to record restoration of proliferation by DNA damage repair.
However, no proliferation was observed in treated cells,
suggesting that growth arrest induced by BrdU is persistent
and DNA damage repair pathways are not able to remove
incorporated BrdU, thereby maintaining the cells in a viable but
senescent state. The presence of BrdU in the washed cells was
tested by immunofluorescence microscopy and it was found to
be localized as distinct foci, as well as in a diffuse form in the
nucleus of the treated cells (supplementary material Fig. S4B),
even after 48—72 h of incubation in the fresh medium.

Based on these observations, which confirmed the presence of
a persistent DDR, we then evaluated whether activated ATM
kinase and ROS were necessary for maintenance of senescence.
For this, senescent cells generated by BrdU exposure were treated
with the ATM kinase inhibitors caffeine or Ku53393 or the ROS
quencher NAC after 48 h, as described in the previous section. As
an indicator of ATM kinase inhibition, the presence of 53BP foci
was evaluated in these cells, which was found to be significantly
lowered when ATM kinase was inhibited (Fig. 6B, bottom right
panel), but not in ROS-quenched cells (Fig. 6B, bottom-left panel).
However, the treatment with ATM inhibitors induced substantial
cell death (Fig. 6C; supplementary material Fig. S4C), perhaps
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Fig. 5. Effect of ATM kinase inhibition during DNA-damage-induced senescence initiation. For all experiments Hela cells treated with BrdU alone or with
5 mM NAC, 2 mM caffeine or 10 uM Ku55933 (Ku) for 48 h were used for (A) YH2AX analysis. Western blot probed for phospho-H2AX as described in Fig. 1A.
A representative blot from two experiments is shown. (B) 53BP foci formation assay. HelLa cells stably expressing 53BP1-GFP were treated, imaged and
number of foci per cell was recorded as done in Fig. 2B. Scale bars: 40 um. (C) Immunofluorescence analysis for phosphorylated ATM. Cells were processed for
phosphorylated ATM staining as described in the Materials and Methods. Anti-phosphorlted-ATM antibody was used at 1:100 dilution followed by anti-rabbit-IgG
conjugated to Alexa Fluor 488. The stained cells were mounted with DAPI and imaged as described in the Material and Methods section. A 3D view of the
deconvolved image is shown in the upper right image. Representative images from three experiments are shown. Scale bars: 40 um. (D) SA-B-gal staining. SA-
B-gal staining was performed as described in the Material and Methods. Images are shown in gray scale. Representative images from three experiments are
shown. Scale bars: 100 um. (E) ROS measurements. HelLa cells were treated with 100 uM BrdU, 10 uM Ku55933 alone and BrdU along with Ku55933 for 48 h
and ROS levels were estimated as described in Fig. 1B. Results are mean=s.e.m. *P=0.05 (Student’s t-test).

through accumulation of cytotoxic levels of ROS in cells, which
was observed in our experiments (Fig. SE), confirming that ATM
kinase acts as an apoptosis inhibitor in senescent cells (Ivanov
et al., 2009; Li and Yang, 2010). Interestingly, NAC-treated cells
initially maintained their status quo (i.e. remained in the senescent
state), but later (48 h post-treatment), these cells also died
(Fig. 6C), similar to ATM-kinase-inhibited cells. This suggests
that the presence of activated ATM-ROS axis is necessary for
maintaining the senescent state in the cells. The results suggest that
there is a DDR-ROS-ATM signaling loop, which ensures that
viability is maintained in senescent cells. In this autoregulatory
model, ATM kinase quenches ROS and prevents associated cell
death. At the same time elevated ROS levels in senescent cells
keep ATM kinase in activated state thereby maintaining the
senescent status of the cells (Fig. 7).

p53 is not essential for inducing cellular senescence

Finally, by virtue of utilizing various cell lines which inherently
have differences in p53 expression, we evaluated the role of p53
protein in initiation and maintenance of cellular senescence. In
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our studies, we have reported findings using A549 cells, which is
a lung epithelial cell line harboring wild-type p53 protein, and
HeLa cells, a cervical carcinoma cell line which is p53 negative
by virtue of expression of HCV E6 antigen which degrades p53
protein (supplementary material Fig. S1B) (Del Nagro et al.,
2014; Mirzayans et al., 2013; Radha et al., 1999; Wrede et al.,
1991). Our experiments (described above) established that
BrdU-mediated direct DNA damage induces senescence in
both HeLa and A549 cells, meaning that p53 is dispensable for
induction of cellular senescence. This was confirmed using
another agent genotoxic agent Dox, which also induced cellular
senescence as described above. Interestingly, the ROS induction
was higher in p53-positive A549 cells than in HeLa cells, as p53
positively regulates ROS to reinforce the DDR (Liu et al., 2008)
(Fig. 1B).

To further evaluate the importance of p53 protein in
senescence, the p53 expression in AS549 cells was knocked
down using specific shRNA. As shown in the supplementary
material Fig. S4D, the expression of p53 was drastically reduced
in the knockdown cells and we found that the basal ROS levels
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Fig. 6. Effect of ROS quenching and ATM inhibition on maintenance of cellular senescence. For all experiments HelLa cells were treated with BrdU for
more than 48 h along with the inhibitors indicated. (A) YH2AX analysis. Protein lysate from treated HelLa cells was used for western blotting and probed with anti-
phospho-H2AX antibody as described Fig. 1A. A representative blot from two experiments is shown. (B) 53BP1 foci formation analysis. HeLa cells stably
expressing 53BP1-GFP protein was treated with BrdU for more than 48 h followed by treatment with 5 mM NAC or 10 uM Ku55933 (Ku) for more than 24 h
and then imaged. The percentage of foci formed per cell was assessed as described in Fig. 2B. (C) Dead cell quantification. HelLa cells were treated with
100 uM BrdU and after 48—72 h of treatment, cells were treated with 5 mM NAC or 2 mM caffeine. After 48 h the cell number was quantified as described in

Fig. 2D. Scale bars: 40 um. Results are mean=s.e.m.

were significantly higher (supplementary material Fig. S4D),
suggesting that the inactive p53 acts as a negative regulator of
ROS, similar to what has been observed previously (Sablina et al.,
2005). When these cells were treated with BrdU or Dox to induce
senescence, we observed that cells underwent senescence as
anticipated, but the fold increase in ROS after treatment was
significantly lower in comparison to wild-type cells
(supplementary material Fig. S4E). These results strengthened
our observations that p53 is dispensable in senescence and
basically serves as an amplifier of the DDR by regulating the
production of ROS in cells.

DISCUSSION

Cellular senescence is a state where cells permanently stop
dividing in response to genomic instability. It can be induced
even in immortal and cancer cells, which have overcome the
replicative exhaustion or oncogene activation barrier, by exposing
them to a sub-lethal dose of genotoxic stress, making this process
a very attractive tumor-suppressing process. Current cellular
senescence models enlist ATM protein as one of the central nodes
in the senescence cascade (Colavitti and Finkel, 2005; d’Adda di
Fagagna, 2008; von Zglinicki et al., 2005), which is tightly linked
to ROS levels (Liu et al., 2008; Shiloh and Ziv, 2013). Although
it has not been proven conclusively, it has been suggested that
ATM kinase is one of the key proteins in the cell fate decision

process that is activated by the DNA DSBs (Lee and Paull, 2005),
and that it could be the sensor responsible for quantifying DNA
damage (Guo et al., 2010). Under conditions where DNA damage
is not severe, DNA repair takes place, which allows growth, and
when the damage is severe, a cellular apoptosis program is
initiated (d’Adda di Fagagna, 2008). In cases where the damage is
of intermediate nature, ATM kinase leads to activation of cellular
senescence wherein cells are trapped in a viable but non-
proliferating state (Shiloh and Ziv, 2013; von Zglinicki et al.,
2005). In our studies to evaluate the regulatory role of ATM kinase
and ROS in cellular senescence, we utilized direct DNA damage to
initiate the DDR, which allowed us to bypass stress-mediated
effects produced by other agents such as ionizing radiation, Dox
and peroxide. Using direct DNA damage treatment, we
determined that the amount of ATM kinase activation
correlated with the amount of DNA damage present in the cell
(i.e. the dose of BrdU).

As mentioned above, existing models of cellular senescence
implicate ATM kinase, ROS and p53 as key regulatory
molecules. For p53 protein, many reports have proposed
diametrically opposite roles in regulating cellular senescence;
some studies propose that sustained p53 activation is responsible
for senescence initiation and maintenance (Purvis et al., 2012;
Rufini et al., 2013), whereas several other studies show that p53 is
dispensable and senescence can be governed by p21 or p16 (also
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known as CDKN2A) proteins alone (Aliouat-Denis et al., 2005;
Ben-Porath and Weinberg, 2005). Similar to p53, ROS has also
been projected as a crucial molecule that regulates and maintains
senescence, as it can damage DNA, proteins and lipids to induce
the stress response, which in turn can affect the senescence
phenotype (Colavitti and Finkel, 2005; Lu and Finkel, 2008;
Macip et al., 2002). Given that most of the chemically induced
senescence protocols use agents like ionizing radiation and
peroxide, which generate ROS, to induce senescence, the role of
ROS in DNA damage has been found to be absolutely crucial.
We found that cells exposed to the direct DNA-damage-
inducing agent BrdU induced standard senescence markers, such
as p2l, fibronectin, IL8 and others, as reported previously
(Masterson and O’Dea, 2007; Eriko et al., 1999; Suzuki et al.,
2001), and that they are positive for SA-B-gal and show enhanced
secretion of IL8 (Cho et al., 2011), which is similar to what is
observed in senescent cells generated by other approaches (Coppé
et al., 2008). We utilized this unique direct DNA damage
approach to activate senescence in cancer cells to determine
whether ATM kinase and ROS play distinct roles in the initiation
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and maintenance of senescence. ROS was found to be crucial
only in the maintenance stage, whereas the activation of ATM
kinase was essential in both initiation and maintenance stages of
senescence. These findings allow us to propose distinct regulatory
events for both the stages of cellular senescence. The first stage is
initiated after detection of the amount of DNA damage through
activation of ATM kinase and does not require ROS. The second
stage involves maintenance of senescent state of cells through
both ROS and ATM kinase (Ditch and Paull, 2012; Guo et al.,
2010; Shiloh and Ziv, 2013) (Fig. 7). This and other previous
studies propose that activation of ATM kinase occurs through
ROS, and suggest that ATM kinase is responsible for protecting
the cells from the harmful effects of ROS through activation of
enzymes such as superoxide dismutases and catalases. Hence,
ROS levels are significantly higher in cells where ATM is
inhibited (Shiloh and Ziv, 2013). The elevated ROS levels in
senescent cells causes DSBs and keeps ATM kinase in activated
state (Lee and Paull, 2004; Lee and Paull, 2005), thereby keeping
cells in a growth-arrested state. This is crucial given that cells that
have been exposed to high doses of genotoxic stress might
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become cancerous if left unchecked, even if DNA damage is
repaired. Concomitant with this, the deactivation of ATM in
senescent cells leads to accumulation of ROS, which triggers cell
death.

Aging and the cellular senescence process have always been
associated with oxidative damage due to accumulation of ROS
(Chen and Ames, 1994; Colavitti and Finkel, 2005). Studies also
show that ROS cause oxidative damage to many cellular
components, such as DNA, proteins and lipids, which in turn
induce cellular senescence. The senescence model used here shows
that senescence-associated markers are present even when the ROS
had been quenched in the cells during the initiation phase. We
suggest that direct DNA damage and the DDR alone can induce
senescence, independently of ROS-mediated secondary responses,
and that this is also not dependent on the p53 status of the cells.
Furthermore, based on the work described here and other previous
reports, it is also possible to speculate that although p53 is induced
during the DDR, it is not the cause, but the effect of the DDR,
similar to ROS. This further strengthens the idea of utilizing
cellular senescence as an approach to regulate cancer cell
proliferation, even in tumors which are deficient in p53 protein.
We show that p53 protein essentially acts as a DDR amplifier in
senescence, wherein induction of p53 in response to DDR causes
enhancement of ROS levels. Such an impact of activated p53 is
known in literature, where activated p53 protein increases the ROS
levels through direct activation of enzymes such as proline oxidase
(POX) and quinone oxidoreductase (NOQ1), which generate ROS
(Polyak et al., 1997).

In summary, we demonstrate that ROS and p53, which are
considered to be crucial mediators of cellular senescence, are not
really essential for the initiation of the senescence program.
Activation of ATM kinase either through direct DNA damage or
any other mode is sufficient to initiate senescence. This is
different in the maintenance stage of senescence, where both ROS
and ATM kinase are crucial. Overall, we find that ATM kinase
plays a central role in cellular senescence, ROS are crucial only in
the maintenance of cellular senescence and that p53 protein acts
as an amplifier and strengthens the senescent phenotype.

MATERIALS AND METHODS
All chemicals were from Sigma Aldrich, USA and antibodies from Cell
Signaling Technology, USA unless otherwise stated.

Cell culture

HeLa and A549 cells (ATCC, USA) were grown overnight at 37°C; 5%
CO, and were treated with various DNA-damaging agents as described
below. For expression knockdown, validated shRNA for ATM kinase and
pS3 genes from TRC library were used. ATM shRNA was transfected in
HeLa cells and p53 shRNA were introduced in A549 cells by lentiviral
transduction (Davidson and Harper, 2005) and stable knockdown cells
were selected on puromycin (3 pg/ml) for 48 h. The knockdown
efficiency was verified in the stable cells by semi-quantitative RT-PCR
analysis or by western blotting as described below.

To induce DNA damage, the cells were treated with 5-
bromodeoxyuridine (prepared fresh in DMSO) or doxorubicin (1 mg/
ml in water) for the indicated time durations. For ionizing-radiation-
induced damage, cells were treated with 1 Gy units of y-radiation (Blood
irradiator BI 2000) and allowed to adhere overnight before further
analysis. The treated and untreated cells were processed for various
experimental analyses as described below.

ROS analysis
For ROS detection, cells were incubated with 10 puM 2',7'-
dichlorofluorescein (DCFDA) in 1x PBS for 30 min in dark. Cells are

washed with PBS three times and analyzed to detect DCF fluorescence
(Infinite F200, Tecan, Austria). The excitation wavelength was 492 nm
and the emission wavelength was 525 nm. For ROS quenching, 5 mM N-
acetyl L-cysteine (NAC) was used and along with 100 pM BrdU for 48 h
in senescence experiments. For few experiments, cells were counted and
DCFDA fluorescence was determined as fluorescence per cell and for
few experiments, along the DCFDA, DAPI was added (excitation,
345 nm; emission, 455 nm), the fluorescence from DCFDA was
normalized to that of DAPI.

53BP1 foci formation assay

To generate 53BP1 sensor for DNA damage response, the minimal region
of 492 amino acids (from position 1220 to 1711) of 53BP1 protein
sufficient for foci formation during the DDR (Zgheib et al., 2009) was
amplified from cDNA from HeLa cells and cloned into pEGFP-C1 vector
at the Kpnl and Xhol sites. The recombinant GFP—53BP1-encoding vector
was transfected into HeLa cells and positive cells were sorted using a BD-
FACS Aria cell sorter (BD Biosciences, USA). The GFP-53BP1-positive
HeLa cells were propagated by culturing with G418. For imaging, the cells
were seeded on glass-bottomed dishes (NEST, China), treated as indicated
and then imaged using a fluorescence inverted epifluorescence microscope
(Olympus 1X83, Japan). The excitation wavelength was selected by using a
Spectra X light engine (Lumencor Inc., USA) and band pass filters in a
high speed filter wheel (ASI Inc., USA) were used for detection of the
emission wavelength. The images were acquired using Evolve 512
EMCCD camera (Photometrics, USA), under controlled conditions using a
Uno CO, incubation system (OKOLab, Italy). All devices were controlled
using Slidebook 6 software (3i Inc., USA). For quantification, the number
of foci present in each cell was manually counted for a minimum of 100
cells per dish. For representation, the brightness and contrast of the images
were adjusted with the Microsoft Office Image editing tool.

Cell cycle profiling

The cell cycle was profiled with propidium iodide using standard
protocols. Cells were trypsinized and fixed with 70% cold ethanol and
stored overnight at —20°C. The fixed cells were pelleted, washed and
incubated overnight in 1x PBS with 0.15 mg/ml RNase A (Amresco,
USA) at 37°C. Cells were then incubated for 10 min with 50 ug/ml
propidium iodide in dark. Subsequent cell cycle analysis was performed in
a FACS Calibur (BD Biosciences, USA) flow cytometer, using a 15 mW
488 nm laser, and data was analyzed using CellQuest Pro Software.

Gene expression profiling

Total RNA from cell lines was isolated by using the TRI reagent and
cDNA synthesis was performed using the Invitrogen Superscript I1I First
Strand Synthesis System (Thermo Scientific Inc., USA) as per the
manufacturer’s instructions. Gene-specific quantitative real-time PCR
analysis was performed using an ABI 7500 cycler (Thermo Scientific
Inc., USA) using a DyNAmo Color Flash SYBR Green qPCR Kit
(Thermo Scientific, USA) in 20 ul reaction volume according to the
manufacturer’s instructions. Expression levels of B-actin and GAPDH
were used for normalization. ABI systems SDS 2.3 software was used for
data analysis. Primers used for analysis are described in supplementary
material Table S1.

Rezasurin assay for estimation of cellular metabolic activity
Equal number of senescent cells (BrdU treated for 48 h) and control cells
were seeded in a 96-well black PS plate (SPL Plastics, Korea) and were
maintained overnight in serum-free Dulbecco’s modified Eagle’s
medium (DMEM). Rezasurin dye was added to wells at a final
concentration of 10 pg/ml and incubated for 3-5h in 5% CO,, 37°C
incubator. After the incubation the plate was recorded for fluorescence
(excitation 560 nm; emission and 590 nm) using a multiwall plate reader
(Infinite F200, Tecan, Austria).

Western blot analysis

Cell lysate was prepared using ProteoJET Mammalian Cell Lysis
Reagent (Fermentas Inc., USA) according to the manufacturer’s
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protocol and the amount of total protein was estimated using Bradford’s
reagent. For analysis, 50 pg of total protein was resolved on a 12.5%
SDS-PAGE gel, transferred onto PVDF membrane (GE Healthcare,
USA) using a semi-dry transfer unit (GE Healthcare, USA) at 60 mA for
60 min. The membrane-containing transferred protein was blocked with
5% non-fat milk protein in Tris-buffered saline with Tween 20 (TBST)
for 1 h. The membrane was probed overnight with primary antibody at
4°C. Membranes were washed three times for 10 min in TBST and
incubated with the appropriate horseradish peroxidase (HRP)-tagged
secondary antibodies (Jackson Laboratories Inc., USA) diluted
at manufacturer’s recommendations at room temperature for 1 h.
Membranes were again washed three times with TBST and subjected
to chemiluminescent detection using ECL substrate (Western Lightning
Plus, PerkinElmer, USA). The developed blots were imaged and
analyzed using the ChemiDoc MP Imaging system (Bio-Rad Inc.,
USA). B-actin expression was used as a loading control.

SA-f-gal staining for senescent cells

The protocol described by Dimri et al. was followed for SA-B-gal
staining (Dimri et al., 1995). Cells were washed in PBS, fixed for 15 min
at room temperature in 0.2% glutaraldehyde (Amresco, USA) in 1x PBS,
washed three times with PBS and incubated overnight at 37°C (without
CO,) with freshly prepared staining solution (1 mg/ml X-gal; GoldBio
Technology, USA) in 40 mM citric acid/sodium phosphate, pH 6.0,
5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM
NaCl and 2 mM MgCl, (all chemicals from SRL, India). After overnight
incubation, the cells were washed with 1x PBS and imaged for presence
of blue color in the cells. The imaging was done using an inverted 1X81
microscope, equipped with a DP72 color camera (Olympus, Japan).

IL6 and IL8 quantification

The amounts of IL6 and IL8 cytokines were quantified using 100 ul of
medium collected from cells using the Human IL6 high sensitivity
ELISA kit (eBioscience Inc., USA) and BD OptiEIA™ Human IL8
ELISA kit (BD Biosciences, USA) according to the manufacturer’s
instructions. The cells were counted from the same wells to normalize the
amount to the number of cells (amount per 10° cells).

Analysis of phosphorylated ATM levels

Treated cells were fixed with 4% paraformaldehyde for 15 min, washed
three times with 1x PBS for 5 min and were then permeabilized using
1% Triton X-100 for 15 min and blocked using 0.5% BSA for 45 min.
After blocking, cells were probed overnight with anti-phosphorylated-
ATM antibody (1:100 dilution) at 4°C. The cells were washed three times
with 1x PBS for 10 min each and incubated with secondary antibody
conjugated to Alexa Fluor 488 (Invitrogen Molecular Probes) for 45 min
at room temperature in the dark. After washing with 1x PBS, coverslips
were mounted onto glass slides with DAPI and sealed before imaging.
The images were collected using IX83 invested fluorescence microscope
at various z-planes, deconvolved using a nearest neighbor algorithm and a
maximum intensity projection was generated using Slidebook 6 software
(31, USA).
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