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Introduction

In adult organisms, the capacity for tissue self-renewal is 
balanced against suppression of unregulated cellular proliferation 
in order to maximize fitness and reproductive success. In 
proliferating tissues, the progress of cells through the cell cycle 
is subject to an interrelated series of highly conserved checkpoint 
processes that guard against proliferation of cells with damaged 
genetic material. The checkpoint processes reduce the incidence 
of cancers, but do so at the cost of reduced cell numbers, such as 

through apoptosis, and reduced proliferation through temporary 
or permanent growth arrest. Cellular DNA is continuously 
exposed to environmental and endogenous mutagenic insults. In 
humans and in mice, DNA damage response (DDR) signaling is 
initiated by sensor kinases of the phosphatidylinositol 3-kinase-
related kinase (PIKK) family, including ataxia telangiectasia-
mutated (ATM), ataxia telangiectasia and Rad3-related (ATR), 
and DNA-dependent protein kinase (DNA-PK).1,2 These 
kinases phosphorylate multiple downstream target proteins and 
lead to checkpoint responses through the activation of p53.2 

*Correspondence to: Ettore Appella; Email: appellae@pop.nci.nih.gov
Submitted: 09/25/2013; Revised: 01/20/2014; Accepted: 01/20/2014; Published Online: 01/31/2014
http://dx.doi.org/10.4161/cc.27920

Wild-type p53-induced phosphatase 1 (Wip1) 
forestalls cellular premature senescence  

at physiological oxygen levels by regulating  
DNA damage response signaling  

during DNA replication
Hiroyasu Sakai, Hidetsugu Fujigaki, Sharlyn J Mazur, and Ettore Appella*

Laboratory of Cell Biology; National Cancer Institute; National Institutes of Health; Bethesda, MD USA

Keywords: Wip1, p53, cellular senescence, DNA damage response, ATM, camptothecin

Abbreviations: 8-oxodG, 8-hydroxy-2′-deoxyguanosine; ATM, ataxia telangiectasia-mutated; ATR, ataxia telangiectasia and Rad3-
related; BrdU, bromodeoxyuridine; C

12
FDG, dodecanoylaminofluorescein di-β-D-galactopyranoside; Chk1, checkpoint kinase 

1; CPT, camptothecin; DDR, DNA damage response; DMSO, dimethyl sulfoxide; DNA-PK, DNA-dependent protein kinase; 
DSBs, double-stranded breaks; FSC, forward scatter; γH2AX, phosphorylated form of the histone 2A variant H2AX; H

2
DCFDA, 

2′, 7′-dichlorodihydrofluorescein diacetate; MEFs, mouse embryonic fibroblasts; PBS, phosphate-buffered saline; PI, propidium 
iodide; PIKK, phosphatidylinositol 3-kinase-related kinase; Ppm1d, protein phosphatase Mg2+/Mn2+ dependent 1D; ROS, 

reactive oxygen species; SA-β-Gal, senescence-associated β-galactosidase; SSBs, single-strand breaks; SSC, side scatter;  
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Wip1 (protein phosphatase Mg2+/Mn2+-dependent 1D, Ppm1d) is a nuclear serine/threonine protein phosphatase 
that is induced by p53 following the activation of DNA damage response (DDR) signaling. Ppm1d−/− mouse embryonic 
fibroblasts (MEFs) exhibit premature senescence under conventional culture conditions; however, little is known regarding 
the role of Wip1 in regulating cellular senescence. In this study, we found that even at a representative physiological 
concentration of 3% O2, Ppm1d−/− MEFs underwent premature cellular senescence that depended on the functional 
activation of p53. Interestingly, Ppm1d−/− MEFs showed increased H2AX phosphorylation levels without increased levels 
of reactive oxygen species (ROS) or DNA base damage compared with wild-type (Wt) MEFs, suggesting a decreased 
threshold for DDR activation or sustained DDR activation during recovery. Notably, the increased H2AX phosphorylation 
levels observed in Ppm1d−/− MEFs were primarily associated with S-phase cells and predominantly dependent on the 
activation of ATM. Moreover, these same phenotypes were observed when Wt and Ppm1d−/− MEFs were either transiently 
or chronically exposed to low levels of agents that induce replication-mediated double-stranded breaks. These findings 
suggest that Wip1 prevents the induction of cellular senescence at physiological oxygen levels by attenuating DDR 
signaling in response to endogenous double-stranded breaks that form during DNA replication.
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An important function of DDR signaling is to delay cell cycle 
progression until DNA damage is repaired. Upon successful 
repair of the damage, activated DDR signaling processes must 
be decommissioned to allow the resumption of normal cell 
cycle progression. Severe DNA damage that cannot be repaired 
successfully causes sustained activation of DDR signaling, 
leading to either apoptosis or the senescent state of permanent 
growth arrest and, consequently, a reduction in proliferative 
potential.

Wild-type p53-induced phosphatase 1 (Wip1) is a nuclear 
serine/threonine protein phosphatase encoded by the protein 
phosphatase Mg2+/Mn2+-dependent 1D (Ppm1d) gene and was 
originally identified as a gene induced in a p53-dependent manner 
following exposure to a genotoxic stress.3 Upon induction, Wip1 
directly binds to and dephosphorylates several key protein targets 
associated with ATM-initiated DDR signaling, including ATM 
itself (Ser1981), p53 (Ser15), and the phosphorylated form of the 
histone 2A variant H2AX (γH2AX) (Ser139).4-8 Phosphorylation 
of H2AX occurs early in the cellular response to DNA damage 
and is important for amplification of DDR signaling through 
recruitment of DNA repair factors.9 Thus, Wip1 promotes 
proliferation by dampening DDR signaling and facilitating the 
return to homeostasis once the damage is repaired.

Consistent with its role in attenuating DDR signaling, Wip1 
has been shown to cooperate with oncogenes in promoting 
tumorigenesis in several mouse models of cancer and, moreover, 
has been shown to be amplified or overexpressed in several types 
of human primary cancers.10-14 Previous studies demonstrated 
that the DDR signaling plays a crucial role as an anti-cancer 
barrier.15,16 Indeed, the activated DDR signaling observed in 
pre-neoplastic lesions of several human cancers is often lost in 
late-stage tumor tissues, indicating that the disabling of DDR 
signaling is a crucial prerequisite for cancer progression.15,16 In 
Wip1-overexpressing tumors, the resulting downregulation of 
DDR signaling and functional inactivation of several tumor 
suppressors accelerates tumorigenesis and suggests a role for 
Wip1 in supporting proliferation. Interestingly, while Wip1 
knockout (Ppm1d−/−) mice are resistant to tumorigenesis,17,18 they 
exhibit senescent phenotypes such as reduced longevity, reduced 
fertility, and a progeroid appearance.18,19 Mouse embryonic 
fibroblasts (MEFs) derived from Ppm1d−/− mice exhibit markedly 
reduced proliferation rates in culture and rapidly develop the 
flattened and enlarged morphology characteristic of senescent 
cells.19

Cellular senescence is a metabolically active state of irreversible 
growth arrest that can develop in normal cells in response to many 
types of stress.20 Whereas replicative senescence is often used to 
describe the cellular response to critical shortening of telomeres, 
premature senescence is usually applied to the phenotypically 
identical state induced by stresses including expression of 
activated oncogenes, chronic oxidative stress, or unrepaired 
DNA damage.21-23 In human cells, the tumor suppressors p53 
and pRb have been shown to play critical roles in the induction 
of cellular senescence.21 Premature senescence in MEFs relies 
predominantly on the p19Arf and p53 pathways.21-23 Indeed, the 
functional activation of p53 and increased p21 protein levels 

in Ppm1d−/− MEFs have been reported previously.19 However, 
little is known about how the loss of Wip1 induces premature 
cellular senescence in Ppm1d−/− MEFs. Interestingly, murine cells 
are more sensitive to oxidative stress than human cells,24 and 
the cultivation of mouse cells in atmospheric levels of oxygen 
leads to oxidative stress-induced activation of DDR signaling.25 
Therefore, to investigate the role of Wip1 in forestalling the 
onset of premature senescence, we performed a detailed analysis 
of Ppm1d-deficient (Ppm1d−/−) MEFs cultured in a representative 
physiological oxygen level. We found, interestingly, that even 
when cells are cultured in 3% oxygen, Wip1 is necessary to 
prevent S phase-specific activation of ATM and DDR signaling 
that consequentially activates p53 and accelerates the onset of 
cellular senescence.

Results

Suppression of cellular senescence by Wip1 under 
atmospheric and physiological oxygen levels

Under conventional culture conditions (20% O
2
), Ppm1d−/− 

MEFs initially proliferated similarly to wild-type (Wt) MEFs, but 
showed markedly reduced proliferation after only a few days in 
culture (Fig. 1A), in agreement with previous observations.19 The 
general phenomenon of decreasing proliferation rates exhibited 
by Wt MEFs after extended culture conditions under atmospheric 
oxygen levels is considered to result from the high sensitivity of 
murine cells to oxidative damage in DNA.24 Cells in an organism 
are adapted to specific oxygen concentrations ranging from less 
than 1% to over 10%, dependent on the vascularization of the 
tissue.24,26 When cultured under a representative physiological 
condition of 3% oxygen, Wt MEFs proliferated steadily, but 
Ppm1d−/− MEFs still exhibited declining rates of growth. The 
reduced proliferation of Ppm1d−/− MEFs did not result from 
increased apoptosis, as staining with annexin-V and propidium 
iodide (PI) revealed no significant differences in the percentage 
of apoptotic cells between Wt and Ppm1d−/− MEFs cultured under 
either condition (Fig. S1). Cell cycle distributions were analyzed 
by bromodeoxyuridine (BrdU) incorporation combined with 
DNA-content analysis. Under both 20% and 3% oxygen levels, 
Ppm1d−/− MEFs showed reduced percentages of BrdU-positive 
cells as compared with the corresponding Wt MEFs (Fig. 1B). 
Interestingly, the percentages of cells in S phase were similar in 
Wt MEFs cultured in 20% O

2
 and in Ppm1d−/− MEFs cultured in 

3% O
2
, consistent with the observed growth trajectories (Fig. 1A). 

For cells cultured in 20% O
2
, the percentage of G

2
/M phase cells 

was increased in Ppm1d−/− compared with Wt MEFs (Fig. 1B), 
in agreement with previous results.19 When cultured in 3% O

2
, 

Ppm1d−/− MEFs exhibited increased numbers of G
0
/G

1
 phase 

cells as compared with Wt MEFs (Fig. 1B), suggesting a block 
in entering S phase. In addition, under both culture conditions, 
Ppm1d−/− MEFs exhibited increased numbers of enlarged 
and flattened cells (Fig.  1C).20 The prevalence of senescence-
associated β-galactosidase (SA-β-Gal)-positive cells was assessed 
quantitatively by flow cytometry.27,28 For both culture conditions, 
the proportion of SA-β-Gal-positive cells differed significantly 
between Wt and Ppm1d−/− MEFs. For cells grown in 20% O

2
, 
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32% ± 3% of Wt MEFs and 
45% ± 5% of Ppm1d−/− MEFs 
were SA-β-Gal-positive (P 
< 0.05), whereas for cells 
grown in 3% O

2
, 19% ± 

2% of Wt MEFs and 27% ± 
4% of Ppm1d−/− MEFs were 
SA-β-Gal-positive (P < 0.05) 
(Fig.  1D). Thus, deletion of 
Ppm1d accelerated the onset 
of premature senescence, both 
when cultured in 20% O

2
, 

as reported previously,19 and 
when cultured under a more 
physiological oxygen level.

The involvement of p53 in 
premature cellular senescence 
elicited by Ppm1d deficiency

Premature senescence of 
MEFs relies principally on the 
p19Arf and p53 pathways.21-23 
To investigate the involvement 
of these signaling pathways, 
we examined protein and 
phospho-protein levels by 
immunoblotting protein 
extracts from Wt and Ppm1d−/− 
MEFs cultured in 3% and 
20% O

2
. The results showed 

no significant differences in 
total p53 protein levels in 
Ppm1d−/− compared with Wt 
MEFs in either 3% or 20% 
O

2
 conditions (Fig.  2A), 

consistent with an earlier 
report for MEFs grown in 
20% oxygen.19 Although in 
some cells Wip1 has been 
shown to increase the stability 
and activity of MDM2, 
resulting in reduced p53 
stability,29 this effect was not 
observed in our system. Levels 
of serine 15 phosphorylation 
of p53 (pSer15 p53), which 
serves as a marker of activated 
p53,30-32 were increased in 
Ppm1d−/− MEFs in both 3% 
and 20% O

2
 conditions 

(Fig.  2A). Furthermore, the 
levels of p21, a transcriptional 
target of p53 implicated 
in cellular senescence,33,34 
were also higher in Ppm1d−/− 
MEFs as compared with Wt 
MEFs under both conditions 

Figure 1. Premature cellular senescence associated with Ppm1d deficiency was observed in both 3% and 20% 
O2 conditions. (A) Growth curves of 3 Wt (solid line) and 3 Ppm1d−/− MEFs (dashed line) cultures in 3% (black) and 
20% (gray) O2 were determined. Each culture was passed at 5 × 105 cells per 75 cm2 flask every 3 d. Cell numbers 
were determined, and cumulative population doubling levels were calculated at each passage. The averages of 
3 independent cultures with SD are shown. (B) Cell cycle distributions of Wt and Ppm1d−/− MEFs at passage 2 as 
measured by BrdU incorporation and DNA content (PI) flow cytometry analysis. The upper gate shows the cells 
incorporating BrdU (S-phase), the lower-left gate shows G0/G1 cells, and the lower right indicates G2/M cells. The 
percentages of cells in each gate are indicated in the upper right of each diagram. The data are representative 
of 2 independent experiments. (C) Cell morphology at passage 3. Photographs are at the same magnification 
(× 100). (D) Flow cytometric detection of SA-β-Gal activity in Wt and Ppm1d−/− MEFs at passage 3. The upper 
right quadrant gate identifies cells with bright fluorescence for C12FDG, indicating SA-β-Gal-positive cells. The 
percentage of SA-β-Gal-positive cells is shown in the upper right of each diagram. The left diagram (Wt MEFs, 
passage 0) was used as a negative control. The data are representative of 3 independent experiments.
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Figure 2. Premature cellular senescence of Ppm1d−/− MEFs is dependent on p53 activation. (A) Immunoblot analysis of Wip1, p53, p-p53 (pSer15), p21, 
p38 MAPK, p-p38 MAPK (pThr180/pTyr182), p16, p19, pRb, PCNA, and β-actin in Wt and Ppm1d−/− MEFs at passage 3. Trp53−/−, 5 Gy IR exposed Wt, and 2.5 
mM H2O2 treated Wt MEFs were used as controls. PCNA and β-actin were used as proliferation and loading controls, respectively. (B) Ppm1d+/+Trp53+/+, 
Ppm1d−/−Trp53+/+, Ppm1d+/+Trp53−/− and Ppm1d−/−Trp53−/− MEFs were generated from the pups derived from matings of Ppm1d+/−Trp53+/− mice. Cultures 
of each strain were passed at 5 × 105 cells per 75 cm2 flask every 3 d in 20% O2 conditions. Cell numbers were determined and cumulative population 
doubling levels were calculated at each passage. The averages of 3 independent cultures with SD are shown. (C) Flow cytometric detection of SA-β-Gal 
activity in Ppm1d+/+Trp53+/+, Ppm1d−/−Trp53+/+, Ppm1d+/+Trp53−/−, and Ppm1d−/−Trp53−/− MEFs at passage 3 cultured in 20% oxygen. Experiments were done 
by the same method as shown in Figure 1D. The data are representative of 3 independent experiments.
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(Fig.  2A). Moreover, the fact that p21 protein expression was 
not observed in Trp53−/− MEFs (Fig.  2A) indicates that the 
observed increased levels of p21 were dependent on p53. Thus, 
p53 protein in Ppm1d−/− MEFs exhibits increased functional 
activity compared with that of Wt MEFs in both 3% and 20% 
O

2
 conditions.
In the presence of activated oncogenes, deficiency of Ppm1d 

resulted in the rapid establishment of p53-dependent premature 
senescence through increased activation of p38 MAPK, as 
indicated by increased levels of phosphorylated kinase (pp38).17 
In contrast, we observed that in early passage, nontransformed 
MEFs, the levels of p38 MAPK and pp38 did not differ between 
Wt and Ppm1d−/− MEFs cultured under either 3% or 20% O

2
 

(Fig.  2A). Interestingly, the levels of p16Ink4a and p19Arf were 
increased in Ppm1d−/− MEFs compared with Wt MEFs for both 
culture conditions.

To further investigate the involvement of p53 in the onset 
of cellular senescence, we generated MEFs with genetic 
alterations in both Ppm1d and Trp53 genes by crossing Ppm1d+/−

Trp53+/− mice. We analyzed cell proliferation and SA-β-Gal 
activity in cultures of Ppm1d+/+Trp53+/+, Ppm1d−/−Trp53+/+, 
Ppm1d+/+Trp53−/−, and Ppm1d−/−Trp53−/− MEFs. Similar to 
previous findings,35 Ppm1d+/+Trp53−/− MEFs proliferated 
vigorously (Fig. 2B) and showed fewer SA-β-Gal-positive cells 
(Fig. 2C) than Ppm1d+/+Trp53+/+ MEFs. Specifically, 38% ± 1% 
of Ppm1d+/+Trp53+/+ MEFs and 7.3% ± 1.1% of Ppm1d+/+Trp53−/− 
MEFs were SA-β-Gal-positive (P < 0.01). Notably, Ppm1d−/−

Trp53−/− MEFs grew similarly to Ppm1d+/+Trp53−/− MEFs 
(Fig. 2B), in agreement with previous results.17 The proportion 
of SA-β-Gal-positive cells in Ppm1d−/−Trp53−/− MEFs, 6.9% 
± 0.3%, (Fig.  2C) did not differ significantly from that in 
Ppm1d+/+Trp53−/− MEFs. As expected, Ppm1d−/−Trp53+/+ MEFs 
showed a profoundly reduced proliferation rate (Fig.  2B) and 
significantly increased numbers of SA-β-Gal-positive cells 
(49% ± 4%) compared with Ppm1d+/+Trp53+/+ MEFs (P < 0.01) 
(Fig.  2C). Thus, the quantitative differences in the prevalence 

of senescent phenotypes observed between Ppm1d+/+Trp53+/+ 
and Ppm1d−/−Trp53+/+ MEFs were eliminated by abrogation of 
the Trp53 gene. These results therefore suggest that functional 
activation of p53 is required for the onset of premature cellular 
senescence elicited by Ppm1d deficiency.

Early passage Ppm1d−/− MEFs cultured in 3% O
2
 do not 

show increased accumulation of ROS and DNA damage
Persistence of DNA damage strongly induces cellular 

senescence.36 More particularly in murine than in human cells, 
the accumulation of oxidative DNA damage is a major cause of 
premature senescence under standard culture conditions.24 Wt 
MEFs cultured in the more physiological condition of 3% O

2
 

avoid activation of DNA damage signaling and the development 
of premature senescence.24 However, even under the condition of 
3% O

2
, defects in DNA repair genes or other genetic imbalances 

may lead to the accumulation of DNA damage, activation of 
DDR signaling, and the onset of premature senescence, as was 
observed in Ku80−/− MEFs.24 The finding that Ppm1d−/− MEFs 
exhibited features of premature cellular senescence even under the 
condition of 3% O

2
 (Fig. 1A–D) suggested that Ppm1d−/− MEFs 

may accumulate more DNA damage compared with Wt MEFs. 
Furthermore, the induction of senescence by oxygen-induced 
DNA damage in MEFs has been shown to be mediated through 
the p53/p21 pathway,21,22 and we observed increased activation 
of p53 and increased p53-dependent p21 protein expression in 
Ppm1d−/− MEFs from both 3% and 20% O

2
 culture conditions 

(Fig. 2A). Therefore, we hypothesized that Ppm1d−/− MEFs may 
accumulate increased levels of oxidative DNA damage compared 
with Wt MEFs even when cultured in 3% O

2
. Since a major 

source of DNA oxidation is through reaction with ROS,37 we 
first analyzed the levels of intracellular ROS in Wt and Ppm1d−/− 
MEFs cultured in either 3% or 20% O

2
 using the reporter 

2′,  7′-dichlorodihydrofluorescein diacetate (H
2
DCFDA). Early 

passage Ppm1d−/− MEFs cultured in atmospheric levels of oxygen 
showed higher levels of intracellular ROS compared with Wt 
MEFs, but, interestingly, Wt and Ppm1d−/− MEFs cultured in 3% 

Figure 3. Ppm1d−/− MEFs did not show an increased accumulation of ROS and oxidative DNA damage when cultured in 3% O2. (A) Intracellular ROS levels 
in Wt and Ppm1d−/− MEFs at passage 2. Cumulative data from 3 independent experiments are presented as mean H2DCFDA fluorescence ± SD (*, P < 0.05, 
Student t test; n.s.,non significant) (B) Immunofluorescent staining for 8-oxodG in Wt and Ppm1d−/− MEFs at passage 2. The ratio of green (8-oxodG) to 
red (PI) staining was quantified for at least 100 cells in each group. The ratios shown have been normalized to the ratio determined for Wt MEFs cultured 
in 3% O2. Cumulative data are shown as the averages of the relative 8-oxodG levels ± standard error of the mean (SEM). (**P < 0.01, Student t test; n.s., 
non-significant)
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O
2
 condition exhibited indistinguishable levels of intracellular 

ROS (Fig. 3A).
Next, we compared the levels of 8-hydroxy-2′-deoxyguanosine 

(8-oxodG), a stable and sensitive marker of oxidative DNA 
damage,38,39 between Wt and Ppm1d−/− MEFs cultured in either 
3% or 20% O

2
. Staining for 8-oxodG revealed that for cells 

cultured in 20% O
2
, Ppm1d−/− MEFs showed approximately 

2-fold higher levels of 8-oxodG as compared with Wt MEFs; 
however, for early passage cells cultured in 3% O

2
, the levels of 

DNA oxidation were indistinguishable between Wt and Ppm1d−/− 
MEFs (Fig. 3B). Thus, in 3% O

2
 conditions, Ppm1d−/− MEFs did 

not show an increased accumulation of ROS or DNA damage 
compared with Wt MEFs.

The finding that for cells cultured in 20% O
2
, Ppm1d−/− 

MEFs exhibited increased levels of intracellular ROS and DNA 
damage compared with Wt MEFs may be explained by the 
increased numbers of senescent cells present in the Ppm1d−/− MEF 
population. When we analyzed Wt and Ppm1d−/− MEFs cultured 
in 20% O

2
 by flow cytometry, Ppm1d−/− MEFs exhibited a broader 

range of light-scattering characteristics compared with Wt MEFs 
(Fig.  S2A). In particular, the number of cells exhibiting high 
levels of both forward scatter (FSC) and side scatter (SSC) (Gate 
R2) was increased in Ppm1d−/− MEFs (Fig. S2A). Furthermore, 
the number of Gate R2 cells increased in bleomycin-treated Wt 
MEFs compared with early passage (P0) untreated Wt MEFs 
(Fig.  S2B), suggesting that the highly scattering cells in Gate 
R2 are mostly large, senescent cells. Therefore, the scattering 
characteristics of Ppm1d−/− MEFs cultured in 20% O

2
 indicate 

an increased proportion of senescent cells. Moreover, while the 
distributions of intracellular ROS levels in R1-gated Wt and 
R1-gated Ppm1d−/− MEFs were similar, R2-gated Ppm1d−/− MEFs 
have a higher mean intracellular ROS level compared with 
R2-gated Wt MEFs (Fig. S2C). Given that senescent cells have 
been reported to have higher levels of ROS than younger cells,40 
the increased ROS levels observed in R2-gated Ppm1d−/− MEFs 
may be attributed to an increased prevalence of senescent cells. 
Increased ROS levels in R2-gated cells will contribute to the mean 
fluorescent intensity when the entire population is analyzed, thus 
explaining the observed increase in mean H

2
DCFDA fluorescent 

levels in Ppm1d−/− MEFs compared with Wt MEFs cultured in 
20% O

2
. In addition, since DNA oxidation is primarily caused 

by intracellular ROS,37 the increased 8-oxodG levels observed in 
Ppm1d−/− MEFs cultured in 20% O

2
 is consistent with increased 

numbers of senescent cells.
Ppm1d deficiency results in activation of DDR signaling 

during S phase
In cells cultured in 3% O

2
, Ppm1d−/− MEFs did not show 

increased levels of intracellular ROS or DNA damage compared 
with Wt MEFs (Fig.  3A and B). They did, however, show 
increased activation of p53, expression of p21 protein (Fig. 2A), 
and prevalence of premature senescence markers (Fig.  1A–D). 
Previous work has demonstrated that the presence of activated 
DNA damage signaling, either independent of or resulting 
from DNA damage, is sufficient for the initiation of cellular 
senescence and accelerated organismal aging.31,35,41-43 Therefore, 
we hypothesized that DDR signaling may be activated in 

Ppm1d−/− MEFs compared with Wt MEFs. To address this 
hypothesis, we determined the number of foci containing γH2AX, 
an early marker of the cellular response to DNA damage,9 in Wt 
and Ppm1d−/− MEFs cultured in either 3% or 20% O

2
. For cells 

cultured in 20% O
2
, Ppm1d−/− MEFs exhibited significantly 

higher (P < 0.01) numbers of γH2AX foci per cell (5.9 ± 0.7) 
compared with Wt MEFs (2.7 ± 0.4) (Fig. 4A). Notably, even 
for cells cultured in 3% O

2
, significantly increased (P < 0.01) 

numbers of γH2AX foci were observed in Ppm1d−/− MEFs (3.1 ± 
0.4) compared with Wt MEFs (1.4 ± 0.2) (Fig. 4A). Thus, even 
in 3% O

2
, Ppm1d−/− MEFs exhibited increased activation of DDR 

signaling compared with Wt MEFs.
Cells in S and M phases are more sensitive to DNA damage 

agents.44 To investigate the relationship between cell cycle phase 
and the levels of H2AX phosphorylation, we performed flow 
cytometry of fixed cells stained with anti-γH2AX antibody 
and propidium iodide (PI). In agreement with the above results, 
for cells cultured in 20% O

2
, a significantly larger (P < 0.05) 

number of Ppm1d−/− MEFs exhibited high anti-γH2AX antibody 
fluorescence (28% ± 5%) compared with Wt MEFs (12% ± 
2%), and for cells cultured in 3% O

2
, a significantly larger (P < 

0.01) proportion of Ppm1d−/− MEFs exhibited high anti-γH2AX 
antibody fluorescence (10% ± 2%) compared with Wt MEFs 
(5% ± 1%) (Fig.  4B). It is especially interesting that for both 
culture conditions, a large proportion of the Ppm1d−/− MEFs with 
high levels of H2AX phosphorylation have an intermediate DNA 
content between 2N and 4N, suggesting that Wip1 specifically 
reduces H2AX phosphorylation during S phase.

Increased H2AX phosphorylation levels observed in 
Ppm1d−/− MEFs are primarily dependent on the activation 
of ATM

ATR/checkpoint kinase 1 (Chk1) signaling plays an important 
role in maintaining genomic integrity during S phase.45-50 
Furthermore, H2AX can be directly phosphorylated by ATR in 
response to replicative stress.51 Therefore, to test whether ATR 
and Chk1 signaling was differentially activated by the loss of 
Wip1, we determined the levels of ATR phosphorylated on Ser428 
and Chk1 phosphorylated on Ser345 by immunoblotting.52,53 As 
shown in Figure  5A, the phosphorylation levels of ATR and 
Chk1 did not differ between Wt and Ppm1d−/− MEFs cultured 
in 3% O

2
. These results suggest that ATR/Chk1 signaling is not 

responsible for the increased levels of H2AX phosphorylation 
detected in Ppm1d−/− MEFs cultured in 3% O

2
.

For MEFs propagated under conventional culture conditions, 
the induction of premature senescence has been characterized as 
a DDR-dependent process mediated by ATM kinase.25 H2AX 
also can be phosphorylated by ATM,2 and ATM, itself, has been 
shown to be a target of Wip1 through dephosphorylation of Ser1981, 
an important autophosphorylation site.8,54 Phosphorylation 
of ATM Ser1981 occurs rapidly in response to the formation of 
double-stranded breaks (DSBs) in DNA and is generally used 
as an indicator of activated ATM.54 Although Ser1981 may not 
be required for the activation of ATM under all circumstances, 
its phosphorylation has been shown to be important for the 
stabilization of ATM near DSBs and, moreover, dephosphorylation 
of ATM p-Ser1981 by Wip1 results in reduced ATM activity.8,55,56 
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Interestingly, accumulation of DNA damage and activation of 
DDR signaling, including formation of phosphorylated Ser1981 
foci, were not observed in Wt MEFs cultured in 3% O

2
.24,25 

Thus, the increased H2AX phosphorylation levels observed in 
Ppm1d−/− MEFs, even when cultured in 3% O

2
, (Fig.  4A and 

B), suggested that the level of activation of ATM may be higher 
in Ppm1d−/− MEFs compared with Wt MEFs. To address this 
hypothesis, we determined the number of ATM p-Ser1981 foci in 
Wt and Ppm1d−/− passage 3 MEFs cultured in 3% O

2
. Notably, 

significantly increased numbers (P < 0.01) of p-ATM foci were 
observed in Ppm1d−/− MEFs (0.46 ± 0.08) compared with Wt 
MEFs (0.18 ± 0.04) (Fig. 5B). Thus, even in the condition of 
3% O

2
, Ppm1d−/− MEFs exhibited increased activation of ATM 

compared with Wt MEFs.
To investigate further the relationship between activation of 

ATM and the levels of DDR proteins in 3% O
2
, we performed 

immunoblotting of protein extracts from passage 2 Wt and 
Ppm1d−/− MEFs cultured in 3% O

2
 and treated with or without 

KU55933, a selective ATM inhibitor (ATMi).57 The results 
showed that the increased expression of ATM pSer1981, p53 pSer15, 
p21, and γH2AX proteins observed in Ppm1d−/− compared with 
Wt MEFs in the absence of ATMi was reduced in the presence 
of ATMi (Fig.  5C). Moreover, we performed flow cytometry 
for γH2AX and DNA content under these same conditions. 
Co-staining for γH2AX and PI revealed that the percentages 
of γH2AX-positive cells detected for each genotype in the 
absence of ATMi were significantly reduced (P < 0.01 for each 
genotype) in the presence of the ATMi (Fig.  5D). Note that 
ATMi-treated Ppm1d−/− MEFs still showed increased numbers of 
γH2AX-positive cells compared with ATMi-treated Wt MEFs. 
Both ATM and DNA-PK have been reported to contribute to 
the phosphorylation of H2AX when the abundance of Wip1 
is reduced or the phosphatase activity of the Wip1 protein 
is impaired,6 thus suggesting that DNA-PK also may have 
contributed to the observed increase in γH2AX levels in 
Ppm1d−/− MEFs. However, the marked reduction in H2AX 
phosphorylation levels in both genotypes resulting from addition 
of KU55933 (Fig. 5C and D) suggests that the increased H2AX 
phosphorylation levels observed in Ppm1d−/− MEFs cultured in 
3% O

2
 are primarily dependent on the activation of ATM.

To test whether inhibition of ATM affected the onset of cellular 
senescence in Ppm1d−/− MEFs cultured in 3% O

2
 conditions, 

we treated both genotypes of MEFs without or with 10 µM 
ATMi and analyzed cell proliferation and SA-β-Gal activity. 
Notably, Wt and Ppm1d−/− MEFs treated with ATMi showed 
lower proliferation rates compared with the respective control-
treated (0.1% DMSO) cells (Fig. S3A). Moreover, ATMi-treated 
Ppm1d−/− MEFs showed a reduced proliferation rate compared 
with ATMi-treated Wt cells (Fig. S3A). In addition, quantitative 
flow cytometry revealed that ATMi-treated Wt and Ppm1d−/− 
MEFs showed increased numbers of SA-β-Gal-positive cells 
compared with the respective control-treated cells, both for Wt 
(P < 0.01) and Ppm1d−/− (P < 0.01) MEFs (Fig. S3B). In addition, 
ATMi-treated Ppm1d−/− MEFs showed more SA-β-Gal-positive 
cells compared with ATMi-treated Wt cells (P < 0.05) (Fig. S3B). 
Notably, prolonged treatment with ATMi accelerated premature 

cellular senescence in Wt and Ppm1d−/− MEFs cultured in 3% O
2
. 

Interestingly, fibroblasts derived from ataxia telangiectasia 
patients displayed an apparent premature senescence.58 The 
observation that ATM−/− MEFs and KU55933-treated Wt MEFs 

Figure 4. Increased H2AX phosphorylation associated with Ppm1d defi-
ciency occurred predominantly in S phase. (A) Wt and Ppm1d−/− MEFs at 
passage 3 cultured in 3% or 20% O2 conditions were stained with anti-
γH2AX antibody (Green) and PI (red). The number of γH2AX foci per 
cell was visually counted in at least 200 cells per group. Representative 
image from each sample is shown. Photographs are at the same magnifi-
cation (× 400). (B) Cell cycle flow cytometric detection of γH2AX. Wt and 
Ppm1d−/− MEFs at passage 2 cultured in 3% or 20% O2 were stained with 
anti-γH2AX antibody and PI and then analyzed by dual parameter flow 
cytometry. The percentage of γH2AX-positive cells is indicated in the 
upper right of each diagram. The gate was set up to exclude background 
fluorescence levels by using H2AX−/− MEFs treated with the same primary 
antibody. The data are representative of 3 independent experiments.
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exhibited similar defects in DSBs repair59 suggests that cells 
treated with ATMi may accumulate DSBs, thus promoting 
cellular senescence. Thus, the increased levels of premature 
senescence observed in ATMi-treated Ppm1d−/− MEFs may result 
from the activation of DDR signaling independent of ATM/p53 
pathways such as increased activation of DNA-PK.

Ppm1d−/− MEFs show prolonged H2AX phosphorylation 
levels during recovery from an acute exposure to oxidative 
stress

Cells explanted from an organism for culturing in vitro 
experience various stresses from the culture environment.20 
During conventional culture, oxidative stress to the cells is a 

major environmental insult that results from the differences 
between atmospheric and physiological oxygen concentrations.60 
In addition, DNA in S phase is the most susceptible to oxidative 
stress.44 Indeed, Wt MEFs cultured in 3% O

2
 but transiently 

exposed to 100 µM H
2
O

2
 exhibited a temporary growth arrest 

state30 and increased H2AX phosphorylation during S phase 
(Fig. S4). The resemblance of the cell cycle-dependent patterns 
in H2AX phosphorylation between H

2
O

2
-treated Wt MEFs and 

untreated Ppm1d−/− MEFs (Fig. S4; Fig. 4B) suggested that Wip1 
may regulate the response to oxidative stress even in 3% O

2
. To 

further investigate this idea, we used immunoblotting to detect 
the generation and removal of induced H2AX phosphorylation 

in cells cultured at 3% O
2
 conditions 

following a brief exposure to 100 µM 
H

2
O

2
. Thirty minutes after a brief 

exposure to H
2
O

2
, similarly increased 

levels of γH2AX were observed in 
both genotypes (Fig.  6). However, 8 

Figure  5. Increased H2AX phosphoryla-
tion levels observed in Ppm1d−/− MEFs are 
primarily due to the activation of ATM. 
(A) Immunoblot analysis of ATR, p-ATR 
(pSer428), Chk1, p-Chk1 (pSer345), and 
β-actin in Wt and Ppm1d−/− MEFs at passage 
2 cultured in 3% O2. Immunoprecipitation 
was performed with an antibody specific 
for Chk1, followed by immunoblotting 
with anti-p-Chk1 (pSer345) and anti-Chk1 
antibodies. The band intensity of p-Chk1 
(pSer345) was quantified using NIH ImageJ 
software (National Institutes of Health, 
USA) and normalized to the total Chk1 
band. The data are representative of 3 
independent experiments. (B) Wt and 
Ppm1d−/− MEFs at passage 3 cultured in 3% 
O2 were stained with anti-p-ATM (pSer1981) 
antibody (Green) and PI (red). The num-
ber of p-ATM foci per cell was visually 
counted in at least 200 cells per group. A 
representative image from each sample is 
shown. Photographs are at the same mag-
nification (× 400). (C) Immunoblot analy-
sis of ATM, p-ATM (pSer1981), p53, p-p53 
(pSer15), p21, γH2AX and β-actin in Wt and 
Ppm1d−/− MEFs at passage 2 cultured in 3% 
O2 condition. Cells were treated with 10 
µM ATM kinase inhibitor KU55933 (Tocris 
Bioscience) (ATMi) or 0.1% DMSO in com-
plete medium for 3 h. (D) Cell cycle flow 
cytometric detection of γH2AX. Wt and 
Ppm1d−/− MEFs at passage 2 cultured in 
3% O2 condition were treated with 10 µM 
ATMi or 0.1% DMSO for 3 h. Fixed cells were 
stained with anti-γH2AX antibody and 
PI and then analyzed by dual parameter 
flow cytometry. γH2AX intensity is rep-
resented on the y-axis, while PI staining 
(DNA content) is plotted along the x-axis. 
The percentage of γH2AX-positive cells is 
indicated in the upper right of each gate. 
The data are representative of 3 indepen-
dent experiments.
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h after treatment, the γH2AX level in Wt MEFs had returned 
nearly to the level in untreated cells, but the γH2AX level was 
still markedly elevated in Ppm1d−/− MEFs (Fig. 6). Furthermore, 
24 h after treatment, γH2AX levels had returned to the 
background level in Wt MEFs, but remained high in Ppm1d−/− 
MEFs (Fig. 6). Thus, Ppm1d−/− MEFs were exposed to the same 
amount of oxidative stress as Wt MEFs, but exhibited prolonged 
elevation of γH2AX levels during recovery. These results suggest 
that increased phosphorylation levels of H2AX during S phase 
observed in Ppm1d−/− MEFs may be due to sustained activation 
of DDR signaling.

Ppm1d−/− MEFs exhibit accelerated premature senescence 
in response to chronic induction of replication-mediated 
DSBs

ATM has been characterized as the apical protein kinase in 
the complex network of signaling interactions that characterize 
the cellular response to DSBs.2 Here, we found that early passage 
Ppm1d−/− MEFs cultured in physiological levels of O

2
 exhibited 

increased H2AX phosphorylation levels during S phase that were 
primarily dependent on the activation of ATM, compared with 
similarly cultured Wt MEFs (Figs. 4B and 5C and D). These 
results suggested that Wip1 attenuates DDR signaling activated in 
response to endogenous DSBs generated during S phase. Although 
the Ppm1d−/− and Wt MEFs exhibited indistinguishable levels of 
intracellular ROS and oxidized DNA base damage (Fig. 3A and B), 
there remains the possibility that some aspect of metabolism 
differs between the 2 genotypes, resulting in increased numbers 
of endogenous, S phase-specific DSBs. To further investigate 
the role of Wip1 during S phase, we used a low concentration 
of camptothecin (CPT), a topoisomerase 1 inhibitor known to 
induce replication-mediated DSBs,61 to elicit DSBs during S 
phase in MEFs of both genotypes cultured in 3% O

2
. First, we 

performed flow cytometry for γH2AX and PI staining to detect 
the generation of induced H2AX phosphorylation following 
exposure to 20 nM CPT. In CPT-treated MEFs, the proportion 
of cells with high H2AX phosphorylation levels was significantly 
higher (P < 0.01) for Ppm1d−/− MEFs (26% ± 5%) than for Wt 
MEFs (15% ± 4%) (Fig. 7A). In agreement with previous results, 
control-treated (0.1% DMSO) Ppm1d−/− MEFs also exhibited a 
significantly increased (P < 0.01) proportion of cells with high 
H2AX phosphorylation levels (7.2% ± 0.1%) compared with 
Wt MEFs (2.0% ± 0.4%). Interestingly, most of the Ppm1d−/− 
cells exhibiting high levels of H2AX phosphorylation had an 
intermediate DNA content, as indicated by PI staining, suggesting 
S phase-specific induction of γH2AX. Next, immunoblotting 
revealed that CPT treatment induced ATM phosphorylation 
in both Wt and Ppm1d−/− MEFs compared with the respective 
control-treated MEFs (Fig.  7B). More particularly, Ppm1d−/− 
MEFs showed increased ATM phosphorylation compared with 
Wt MEFs following CPT addition (Fig. 7B). In addition, p53 
pSer,15 p53, and p21 protein levels were also increased in Ppm1d−/− 
MEFs in the presence of CPT (Fig. 7B). Pre-treatment of both 
genotypes with the ATM inhibitor KU55933 suppressed the 
CPT-induced increases in p53 pSer15, p53, p21 and γH2AX 
protein levels under conditions in which ATM phosphorylation 
was suppressed (Fig.  7B). Thus, although addition of a low 

concentration of CPT to Wt or Ppm1d−/− MEFs, cultured in 
3% O

2
, would be expected to generate the same numbers of 

replication-mediated DSBs, Ppm1d−/− MEFs exhibited increased 
ATM-dependent DDR signaling.

To determine whether increased ATM-dependent DDR 
signaling observed in CPT-treated Ppm1d−/− MEFs accelerated the 
induction of cellular senescence, we analyzed cell proliferation, 
cell morphology, and SA-β-Gal activity of both genotypes 
of MEFs in the presence or absence of CPT. Wt and Ppm1d−/− 
MEFs treated with CPT each showed reduced proliferation rates 
compared with the respective DMSO-treated MEFs (Fig. 7C). 
Furthermore, in the presence of CPT, Ppm1d−/− MEFs showed 
a markedly reduced proliferation rate compared with Wt MEFs 
(Fig.  7C). The reduced proliferation rate observed in CPT-
treated Ppm1d−/− MEFs resulted from a lower replicative capacity 
of these cells (Fig.  S5A), not an increase in apoptotic cells 
(Fig.  S5B), compared with CPT-treated Wt MEFs. Moreover, 
CPT-treated Ppm1d−/− MEFs showed increased numbers of cells 
with enlarged and flattened morphologies (data not shown). In 
addition, quantitative flow cytometry analysis revealed that the 
prevalence of SA-β-Gal-positive cells was significantly higher in 
Ppm1d−/− MEFs compared with Wt MEFs, both for CPT-treated 
cells (P < 0.05) and control-treated (P < 0.01) cells (Fig. 7D). 
Specifically, the proportions of SA-β-Gal-positive cells detected 
in CPT-treated Wt MEFs and Ppm1d−/− MEFs were 32% ± 2% 
and 43% ± 4%, respectively, and in control-treated Wt MEFs 
and Ppm1d−/− MEFs, the respective proportions were 6% ± 2% 
and 14% ± 1%. Notably, these senescent phenotypes correlated 
with the extent of DDR signaling indicated by increased levels of 
the phosphorylated forms of ATM and p53. Thus, these results 
indicate that Ppm1d−/− MEFs develop premature senescence in 
response to induced replication-mediated DSBs, similar to the 
observations for endogenous, replication-mediated DSBs.

Discussion

In the present study, we performed a detailed analysis of 
Ppm1d−/− MEFs cultured in 3% O

2
 to investigate the role of Wip1 

Figure 6. Prolonged H2AX phosphorylation induced by brief H2O2 expo-
sure in Ppm1d−/− MEFs. Wt and Ppm1d−/− MEFs at passage 1 cultured in 
3% O2 were treated with 100 µM H2O2 for 15 min. Cells were then washed 
with PBS and incubated in fresh complete medium. Cells were collected 
at indicated times (0.5, 8, and 24 h) after H2O2 treatment, and blotted pro-
teins were probed with Wip1, γH2AX and β-actin antibodies. β-actin was 
used as loading control. NT, no treatment. The data are representative of 
3 independent experiments.
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in the regulation of premature senescence under conditions of 
reduced oxidative stress. We found that Wip1 forestalls premature 
senescence at physiological oxygen levels by attenuating DDR 
signaling from endogenous DSBs that form during DNA 
replication.

Ppm1d−/− MEFs have been previously reported to exhibit 
accelerated premature senescence under conventional culture 
conditions or in the presence of activated oncogenes.10,19 Mouse 
cells are more sensitive to oxidative stress than human cells.24 We 
found that even when cultured in 3% O

2
, Ppm1d−/− MEFs exhibited 

reduced rates of proliferation and increased numbers of γH2AX 
foci compared with Wt MEFs, despite having indistinguishable 
levels of intracellular ROS and oxidized DNA bases. The cells 
that exhibited high levels of H2AX phosphorylation were 
predominantly in S phase. DNA in S phase is the most susceptible 
to oxidative stress.44 In unstressed cells, the presence of γH2AX 
foci is presumed to mark DSBs that result from DNA replication-
induced conversion of endogenous single-stranded breaks (SSBs) 
produced by metabolically generated ROS or other endogenous 
processes.62,63 It has been estimated that in cultured human 

Figure 7. Ppm1d−/− MEFs showed premature senescence in the response to camptothecin-induced DNA damage. (A) Dual parameter flow cytometric 
detection of γH2AX and DNA content. Wt and Ppm1d−/− MEFs at passage 1 cultured in 3% O2 condition were treated with or without 20 nM camptothecin 
(CPT) for 2 h. As a control for CPT treatment, 0.1% DMSO was added. γH2AX intensity is represented on the y-axis, while PI staining (DNA content) is plot-
ted along the x-axis. The percentage of γH2AX-positive cells is indicated in the upper right of each gate. The data are representative of 3 independent 
experiments. (B) Immunoblot analysis of ATM, p-ATM (pSer1981), p53, p-p53 (pSer15), p21, γH2AX, and β-actin in cells treated with or without 10 µM ATMi 
for 1 h before the addition of 20 nM CPT for 2 h. (C) Cells were cultured in 3% O2 in medium with or without 20 nM CPT and passaged at 5 × 105 cells per 75 
cm2 flask every 2 d. As a control for CPT treatment, medium containing 0.1% DMSO was used. Cell numbers were determined, and cumulative population 
doubling levels were calculated at each passage. The averages of 3 independent cultures with SD are shown. (D) Flow cytometric detection of SA-β-Gal 
activity in cells at passage 3, cultured as described in (C). The percentage of SA-β-Gal-positive cells is shown in the upper right of each diagram. The data 
are representative of 3 independent experiments.
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fibroblasts, approximately 1% of endogenous SSBs are converted 
to DSBs, leading to the generation, on average, of 50 DSBs over 
the duration of S phase.64 Human fibroblasts cultured in 20% O

2
 

and MEFs cultured in 3% O
2
 exhibit similar numbers of oxidized 

bases in DNA, and Wt MEFs cultured in 3% O
2
 proliferate 

steadily without overt activation of DDR signaling.24 In contrast, 
we observed that a fraction of Ppm1d−/− MEFs exhibited high 
levels of H2AX phosphorylation, and, moreover, that most of 
these cells were in S phase. Therefore, our results suggest that 
the absence of Wip1 leads to increased DDR signaling activity 
resulting from endogenous DSBs produced during S phase. 
Interestingly, a recent report demonstrated that in several human 
tumor cell lines the levels of Wip1 protein progressively increased 
from G

1
 through G

2
 phases before declining during mitosis.65

Wip1 facilitates the restoration of cellular homeostatsis 
following exposure to genotoxic stress through its 
dephosphorylation of several key DDR proteins.66,67 The marked 
reduction of H2AX phosphorylation levels observed in both 
genotypes in the presence of the ATM inhibitor KU55933 
suggests that ATM plays an important role in the induction of 
H2AX phosphorylation observed in this study. Specifically, the 
increased H2AX phosphorylation levels observed during S phase 
in Ppm1d−/− MEFs were primarily dependent on the activation of 
ATM. The increased phosphorylation of ATM Ser1981 observed 
in Ppm1d−/− MEFs, even when cultured in 3% O

2
, supports this 

idea. Wip1 directly binds to ATM and dephosphorylates pSer1981 
both in vivo and in vitro.8 Furthermore, Wip1 directly binds 
and dephosphorylates γH2AX at serine 139 and facilitates the 
restoration of the cell to a pre-stress state after repair of DSBs.4,6,7 
Notably, the numbers of γH2AX foci initially formed following 
exposure to IR are not affected by the presence or absence of 
Wip1,4,7 whereas the rate of foci disappearance is increased in the 
presence of Wip1.6 Consistent with this, we observed sustained 
elevation in γH2AX levels during recovery of Ppm1d−/− MEFs 
following a brief exposure to H

2
O

2
.

The activation of ATM is regulated by phosphatases.68,69 In 
unstressed cells, ATM is found as an inactive dimer with low levels 
of phosphorylation of its autophosphorylation sites, including 
Ser1981.54 In an early step of ATM activation, phosphorylation of 
Ser1981, which is located in the kinase activation loop, is increased. 
Full activation of ATM, including dissociation of the dimer into 
active monomers, requires interaction with ROS or with a DSB-
associated MRN complex.54,70 Interestingly, ATM is maintained 
in an inactive state by its association with the phosphatases 
PP2A and Wip1 in unstressed cells. Both phosphatases have 
been shown to be associated with ATM in unstressed cells, to 
dephosphorylate pSer1981, and to regulate ATM activity toward 
downstream targets.8,71,72 The existence of a threshold for ATM 
activation has also been proposed to explain the correlated 
reductions in cellular survival and γH2AX induction following 
exposure to IR delivered at a low dose rate compared with the 
same dose delivered at a high dose rate.73 Thus, the association of 
ATM with Wip1 during S phase may increase the threshold for 
its activation in response to endogenous DSBs.

Although ATM and DNA-PK have overlapping functions 
in the repair of most DSBs, ATM is uniquely required for the 

slow phase of DSB repair, for the suppression of radiosensitivity, 
and for the rapid amplification of DDR signaling.74,75 Following 
exposure to IR, H2AX becomes rapidly phosphorylated by 
ATM in megabase regions f lanking DSBs.9 In the absence of 
ATM, γH2AX foci form more slowly after exposure to IR, but 
similar numbers of foci are formed either in the presence or 
absence of ATM by 30 min after irradiation.74,75 Phosphorylated 
H2AX forms a docking site for binding of MDC1 (mediator of 
DNA damage checkpoint 1) and induces sustained recruitment 
of other DNA repair factors that mediate the repair of DSBs.76 
ATM is specifically required for the propagation of H2AX 
phosphorylations over large distances from the DSB site 
and for the generation of a high density of γH2AX that is 
associated with efficient recruitment of repair factors.77 The 
formation of large, persistent foci containing γH2AX, ATM 
pSer1981, and activated p53 was associated with the onset of 
cellular senescence in cultured human cells.78 Recently, reduced 
expression of Wip1 and consequential increase in p53 activity 
were shown to be necessary for chemotherapeutic drug-induced 
senescence in human cancer cells.79 Induction of p53 is pivotal 
for the establishment of senescence, usually resulting from 
its activation by persistent DDR signaling.25,80,81 Even in the 
absence of overt DNA damage, persistent activation of DDR 
signaling is sufficient to induce senescence.42,82 Moreover, 
the state of senescence itself reinforces activation of DDR 
signaling.83

The loss of Wip1 activity may result in increased cellular 
senescence and contribute to a decrease in organismal fitness. 
Notably, Ppm1d−/− mice showed atrophied splenic white pulp 
compared with Wt mice.19 Since atrophy is recognized as a 
phenotype of aging,84 the atrophied splenic structure observed 
in Ppm1d−/− mice may contribute to the observed premature 
aging phenotype. Interestingly, Ppm1d−/− mice showed increased 
γH2AX protein levels in the spleen compared with Wt mice, 
even without additional stress.7 γH2AX has been proposed as 
a potential biomarker for senescent cells, as its levels correlate 
with those of SA-β-Gal in mouse tissues.85 Moreover, the 
frequency of γH2AX-positive cells in the lymphocytes of splenic 
white pulp of C57BL/6 mice increased significantly with age.85 
Considering that most splenic lymphocytes are present within 
the white pulp, the atrophied splenic structures observed in 
Ppm1d−/− mice may result from increased cellular senescence 
of splenic lymphocytes. In addition, both B- and T-cells from 
spleen of Ppm1d−/− mice showed reduced proliferative response 
against mitogenic stimulation,19 indicating reduced proliferative 
potential. Together, these observations suggest that increased 
cellular senescence induced by loss of Wip1 may accelerate the 
aging of organs through increased activation of the DDR.

Therefore, we suggest that the acceleration of premature 
senescence observed in Ppm1d−/− MEFs cultured in physiological 
O

2
 levels may result from the combined effects of a lower threshold 

for activation of ATM, increased ATM-dependent amplification 
of DDR signaling, and sustained activation of DDR signaling. 
In conclusion, our study found that Wip1 prevents cellular 
senescence at physiological oxygen levels by regulating DDR 
signaling activated during DNA replication.
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Materials and Methods

Mice and MEFs
Wip1 knockout (Ppm1d−/−) mice have been described 

previously.19 All mice were backcrossed with inbred C57BL/6NCr 
mice for at least 9 generations to yield Ppm1d−/− mice congenic 
in the C57BL/6NCr genetic background. Wt C57BL/6NCr 
control mice were originally purchased from Division of Cancer 
Treatment/National Cancer Institute (Frederick, MD)86 and were 
maintained in our animal facility. All mice were bred and kept 
under standard pathogen-free conditions. The experiments were 
conducted in accordance with the guidelines of the National Cancer 
Institute Animal Care and Use Committee. MEFs were prepared 
from 13.5-d embryos derived from crosses between homozygous 
parents of either Wt or Ppm1d−/− genotype. Following removal of 
the head and the red organs, the torso was rinsed with phosphate-
buffered saline (PBS), minced, and digested with 0.5 ml of 0.05% 
trypsin-EDTA. Trypsin was inactivated by addition of Dulbecco 
modified Eagle medium (Invitrogen) containing 10% fetal bovine 
serum (Atlanta Biologicals), 50 units/ml penicillin (Invitrogen), 
and 50 µg/ml streptomycin (Gibco Life Technologies), and then 
the suspension was placed into a 100-mm dish and incubated at 
37 °C with 5% CO

2
 for 2 d. At approximately 90% confluency, 

cells that grew from tissue fragments were harvested and used for 
experiments. These cells were considered as passage 0. Cells (5 × 
105) that were derived from a single embryo were cultured in 5% 
CO

2
 plus 3% or 20% O

2
 by subculturing in a 75-cm2 flask every 

3 d, and cell numbers were determined at each passage. Oxygen 
concentrations in a CO

2
 incubator were adjusted by an oxygen 

sensor and a regulated nitrogen source.
Kinase inhibitor
The specific inhibitor for ATM kinase activity, KU55933 (Tocris 

Biosciences), was prepared as a 10 mM stock solution in DMSO.
Apoptosis assays
Cellular apoptosis of MEFs was assessed by using the Annexin-

V-FITC Apoptosis Detection Kit (BD PharMingen) according to 
the manufacturer’s instructions. In order to exclude necrotic cells 
from the analysis, MEFs were also treated with propidium iodide 
(PI) without permeabilization. Double-positive cells of both PI 
and annexin-V are considered necrotic and were excluded from 
analysis.87,88

Senescence-associated β-galactosidase (SA-β-Gal)
Fluorecence based assays of SA-β-Gal activity were performed 

by using FACSCalibur (Becton Dickinson) as described 
previously.27 Wt and Ppm1d−/− MEFs at Passage 3 in 3% or 
20% O

2
 conditions were pretreated with 100 nM bafilomycin 

A1 (Sigma-Aldrich) followed by 1.5 h incubation with 33 
µM dodecanoylaminofluorescein di-β-D-galactopyranoside 
(C

12
FDG) (Invitrogen). The percentage of SA-β-Gal-positive 

cells was determined on a 2-parameter display of C
12

-fluorescein 
fluorescence (FL1) vs. FSC, and the data were analyzed with 
CELLQuest software (Becton Dickinson). Wt MEFs at passage 
0 were used as a negative control to establish the quadrant gate.

Cell cycle analysis
Subconfluent cultures at passage 2 cultured in 3% or 20% O

2
 

were labeled with 100 µM BrdU (Sigma-Aldrich) for 1 h at 37 

°C. Trypsinized cells were fixed in 70% cold ethanol and stored 
at −20 °C overnight. The cells were treated with 2 N HCL for 
20 min at room temperature, suspended in 0.1 M Borate Buffer 
(pH 8.4), incubated with Alexa Fluor 488-conjugated anti-BrdU 
antibody (B35139, Invitrogen Life Technologies), diluted 1:20 
with PBS containing 0.5% Tween 20 and 1% BSA for 1 h at room 
temperature in the dark, and finally incubated with a 50 µg/ml 
propidium iodide (PI) solution containing 0.1 mg/ml RNaseA 
(Roche Diagnostics GmbH) for 20 min at room temperature in 
the dark. The cells were washed with PBS between each step. 
Samples were analyzed by 2-dimensional (2D) flow cytometry 
to detect both BrdU incorporation and DNA content by using 
FACSCalibur (Becton Dickinson). Cytometric analysis was 
performed with CELLQuest software (Becton Dickinson).

Immunocytochemistry
Immunocytochemistry for detection of γH2AX was 

performed as previously described89 with slight modifications. 
Wt and Ppm1d−/− MEFs at passage 3 in 3% or 20% O

2
 

conditions were grown on 4-well chamber slides for 3 d prior to 
immunostaining. After washing with PBS, the slides were fixed 
with freshly prepared 2% paraformaldehyde in PBS for 20 min 
and then fixed with 70% cold ethanol at −20 °C for 20 min. The 
slides were then washed with PBS for 15 min and blocked with 
5% BSA in PBS containing 0.5% Tween-20 and 0.1% Triton 
X-100 (PBS-TT) for 1 h. After a 5 min wash with PBS, the slides 
were incubated for 2 h with the mouse monoclonal anti-γH2AX 
antibody (Ser139) (#05–636, EMD Millipore) (dilution 1:500 in 
1% BSA in PBS-TT) followed by 1 h incubation with the goat 
anti-mouse Alexa Fluor 488-conjugated IgG (A-11001, Invitrogen 
Life Technologies) (dilution 1:500 in 1% BSA in PBS-TT). After 
15 min wash and 30 min incubation at 37 °C with 0.1 mg/ml 
RNase A (Roche Diagnostics GmbH) in PBS, the slides were 
mounted with mounting medium containing propidium iodide 
(PI) (Vectashield) and sealed with nail polish. Laser-scanning 
confocal microscopy was performed with a Nikon PCM 2000 
(Nikon Inc). The foci were visually counted in at least 200 cells 
per group. Immunocytochemistry for phospho-ATM (p-ATM) 
was performed as well by using anti-p-ATM antibody (#05-740, 
EMD Millipore) (dilution 1:500 in 1% BSA in PBS-TT).

Western blot analysis
Whole-cell lysates were prepared by homogenizing cell pellets 

in TNE buffer (10 mM TRIS-HCl pH 7.8, 1 mM EDTA, 150 
mM NaCl, 1% NP-40, 50 mM NaF) supplemented with a 
protease inhibitor cocktail (Roche Diagnostics) and phosphatase 
inhibitor cocktails (Sigma-Aldrich). The protein concentration 
in the lysate was determined by using the BCA protein assay 
reagent (Thermo Scientific). Forty micrograms of protein were 
separated by SDS-PAGE and electrophoretically transferred 
onto a polyvinylidene difluoride membrane (EMD Millipore). 
The blots were probed with the following primary antibodies 
overnight at 4 °C: Cell Signaling Technology: anti-phospho-p53 
(pSer15, #9284), anti-phospho-ATR (pSer428, #2853), anti-ATR 
(#2790), anti-phospho-p38 MAPK (pThr180/pTyr182, #9216), 
anti-p38 MAPK (#9212); Santa Cruz Biotechnology: anti-p53 
(sc-1311), anti-p21 (sc-397G), anti-p16 (sc-1207); EMD 
Millipore: anti-PCNA (NA03), anti-γH2AX (pSer139, #05–636), 
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anti-phospho-ATM (pSer1981, #05-740), anti-ATM (#07-1286); 
BD Biosciences: anti-pRb (G3-245), anti-Wip1 (custom mouse 
monoclonal antibody); Sigma-Aldrich: anti-β-actin (A5441); 
Abcam: anti-p19 (ab80). The protein bands were visualized by 
using horseradish peroxidase-conjugated secondary antibodies 
and enhanced chemiluminescence reagents (PerkinElmer Inc).

Immunoprecipitation
Lysates containing 500 µg of nuclear protein were 

immunoprecipitated with Protein G-coupled magnetic beads 
(Invitrogen Life Technologies) conjugated to Chk1 antibody 
(sc-8408, Santa Cruz Biotechnology). Briefly, cell lysates were 
incubated with anti-Chk1 antibody-Protein G-conjugated 
magnetic beads in a rotating mixer overnight at 4 °C. After 
incubation, the tubes were placed on a magnetic rack, the 
supernatant was carefully aspirated, and the pellet was washed 
3 times with wash buffer (PBS containing 0.02% Tween-20). 
The magnetic beads were suspended in 20 µl of 1 × LDS sample 
buffer (Invitrogen Life Technologies) without reducing agents 
and boiled for 10 min at 70 °C. Eighteen microliters of the eluted 
samples were analyzed by western blotting to detect phospho-
Chk1 protein expression. The blotted PVDF membrane was 
blocked in SuperBlock Blocking buffer (Thermo Scientific) in 
TBS containing 0.05% Tween-20 for 1 h at room temperature. 
After washing, the membrane was incubated with anti-phospho-
Chk1 antibody (pSer345) (#2348, Cell Signaling Technology) 
overnight at 4 °C with gentle shaking. The membrane was 
washed and incubated with Clean-Blot IP Detection Reagent 
(Thermo Scientific) for 1 h at room temperature. Specific bands 
were detected by ECL Plus (Thermo Scientific).

Flow cytometric quantification of γH2AX
Wt and Ppm1d−/− MEFs at Passage 2 in 3% or 20% O

2
 conditions 

were collected by trypsinization, fixed with 1% formaldehyde for 
8 min at 4 °C, and then fixed with 70% cold ethanol for 2 h at 
−20 °C. After washing with PBS-T (PBS containing 0.5% Triton 
X-100), cells were blocked with 5% BSA in PBS-T for 30 min 
at room temperature. Cells were washed with PBS-T containing 
1% BSA and incubated with anti-γH2AX antibody (pSer139) 
(#05–636, EMD Millipore) diluted 1:250 in PBS-T containing 
1% BSA for 2 h at room temperature. Cells were washed and 
suspended in Alexa Fluor 488-conjugated anti-mouse IgG 
antibody (A-11001, Invitrogen Life Technologies) diluted 1:250 
in PBS-T containing 1% BSA for 1 h in the dark. Cells were then 
washed and suspended in 50 µg/ml PI containing 100 µg/ ml 

RNaseA (Roche Diagnostics) for 30 min at 4 °C. Fluorescent 
intensity of Alexa Fluor 488 (γH2AX) and propidium iodide (PI) 
(DNA content) were analyzed by using a FACSCalibur (Becton 
Dickinson) and CELLQuest software (Becton Dickinson).

Detection of intracellular ROS and 8-oxodG levels
Intracellular ROS levels of either Wt or Ppm1d−/− MEFs 

at passage 2 in 3% or 20% O
2
 conditions were determined by 

using H
2
DCFDA (Invitrogen Life Technologies) as described 

previously90 with FACSCalibur (Becton Dickinson). The data 
were analyzed with CELLQuest software (Becton Dickinson) and 
the mean fluorescent intensity was used to quantify the response. 
The levels of 8-oxodG were detected by immunocytochemistry 
according to the manufacture’s protocol (Trevigen) with slight 
modifications. Briefly, MEFs growing on poly-L-lysine (Sigma-
Aldrich) coated coverslip were fixed in absolute cold methanol, 
and then fixed in cold acetone at −20 °C for 15 min each. Cells 
were incubated with 100 µg/mL RNaseA (Roche Diagnostics) 
at 37 °C for 1 h. After blocking with 5% normal goat serum, 
cells were incubated with anti-8-oxodG antibody (clone 2E2, 
Trevigen) diluted 1:2000 at 37 °C overnight followed by Alexa 
Fluor 488-conjugated anti-mouse IgG antibody (#A-11001, 
Invitrogen Life Technologies) diluted 1:500 at room temperature 
for 1 h in the dark. Coverslips were mounted on glass slides using 
mounting medium containing PI (Vectashield) and viewed under 
a fluorescence microscope (Nikon PCM 2000, Nikon Inc). The 
fluorescence intensities of at least 100 cells was quantified by 
using Adobe Photoshop (Adobe Systems Inc) as described.91
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